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(57) An optical waveguide circuit is provided that 
can reduce or eliminate polarization dependence by re- 
ducing or eliminating birefringence. A substrate (701) 
consists of a silicon substrate, and a cladding (702) and 
a core (703) are composed of silica-based glass. The 
core (703) has a multilayer structure composed of a few 
types of layers with different refractive indices such as 
first core layers (703a) and second core layers (703b) 
stacked in the direction parallel to the substrate (701). 
As for the birefringence of the waveguide, the geomet- 
rical birefringence caused by the multilayer structure is 
canceled out by the other birefringence, thereby being 
able to reduce or eliminate the birefringence of the 
waveguide. 
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Description 



[0001] The present invention relates to an optical waveguide circuit, and more particularly to an optical waveguide 
circuit which is an optical component used for an optical communication system, and to an optical waveguide circuit 
with slab waveguides. 

[0002] As the Internet has spread worldwide, it becomes the urgent necessity to construct communication systems 
that can transmit large amounts of data simultaneously at high speed. As a system that satisfies such a requirement 
an optical communication system utilizing optical wavelength division multiplexing (WDM) receives attention and is 
being introduced worldwide with the U.S. taking the lead. 

[0003] To implement optical WDM technique, an optical multiplexer/demultiplexer capable of multiplexing and de- 
multiplexing multiple different wavelengths is absolutely necessary. As one of its actual forms, there is an optical 
waveguide circuit that implements an optical circuit using optical waveguides on a substrate. 
[0004] The optical waveguide circuits are ICs in the optical world, which apply the LSI microfabrication technology 
to form optical waveguides on a planar substrate integrally. Accordingly, they are superior as integrated circuits suitable 
for mass production, and capable of implementing high performance circuits with complicated circuit configurations. 
Recently, as the interest in the optical communication system has grown remarkably, the research and development 
of various materials such as semiconductor, LiNb0 3 , plastics and silica-based glass has been advanced Among them 
silica-based optical waveguides, which are formed on silicon substrates using silica-based glass, have good matching 
with silica-based optical fibers constituting transmission lines of optical communications, and can implement stable 
operation of the optical circuits because of the high stability and long reliability based on the characteristics of the 
material. In addition, since rectangular cores can be formed at high reproducibility, theory and practice match closely 
and high performance circuits with complicated optical circuits can be implemented. With such features, they lead other 
waveguide materials in practical use. 

[0005] As basic configurations of the optical multiplexer/demultiplexers using the silica-based optical waveguides 
with such superior characteristics, there are Mach-Zehnder interferometers and arrayed waveguide gratings. Combin- 
ing the Mach-Zehnder interferometers with arrayed waveguide gratings can implement various optical multiplexing and 
demultiplexing characteristics. 

[0006] The Mach-Zehnder interferometer multiplexes or demultiplexes two different wavelengths, or divides different 

multiple wavelengths alternately and periodically. Fig. 1 A shows a configuration of a Mach-Zehnder interferometer 1 01 
It compnses two optical couplers 102, two optical waveguides 103 interconnecting the two optical couplers 102, and 
an input waveguide 1 04 and an output waveguide 1 05 for connecting it with other optical couplers 1 02. Here, each 
optical coupler is composed of a directional coupler consisting of two adjacent optical waveguides. Each optical 
waveguide is composed of a single-mode waveguide. The spacing between wavelengths to be multiplexed or demul- 
tiplexed is set by the waveguide length difference between the two optical waveguides 103. 
[0007] The arrayed waveguide grating multiplexes and demultiplexes multiple different wavelengths simultaneously 
It can achieve such a function with smaller size than achieving it using multiple Mach-Zehnder interferometers Fig 
1 B shows a configuration of an arrayed waveguide grating 111 . It comprises two slab waveguides 112, a waveguide 
array 113 interconnecting the two slab waveguides 112, and an input waveguide 114 and an output waveguide 115 
which are connected to different slab waveguides 112. The waveguide array 113, input waveguide 114 and output 
waveguide 1 15 are each composed of a single-mode waveguide. The waveguide array 1 1 3 comprises adjacent optical 
waveguides with different waveguide lengths, and the waveguide length difference between the adjacent waveguides 
determines the spacing between the wavelengths to be optically multiplexed and demultiplexed. 
[0008] Fig. 2 is a cross-sectional view of a silica-based optical waveguide constituting these optical multiplexer/ 
demultiplexers. It has a structure in which a core 203 is coated with a cladding 202 formed on a substrate 201 The 
substrate 201 consists of a silicon substrate or a silica substrate, and the cladding 202 and the core 203 are composed 
of silica-based glass. Using the silicon substrate as the substrate 201 serves as a platform for the hybrid mounting of 
photo-detectors, light emitting devices and the like. It can also prevent cracks of the cladding 202 and core 203 because 
of compressive stress imposed on them, thereby increasing reliability. 

[0009] When using the silicon as the substrate, however, the optical characteristics of the Mach-Zehnder interfer- 
ometer or the arrayed waveguide grating formed by the silica-based optical waveguides have polarization dependence 
in which the spectrum in a TM mode with the electric field perpendicular to the substrate shifts to a longer wavelength 
side as compared with that of a TE mode with the electric field parallel to the substrate. 

[001 0] Fig. 3 and Figs. 4Aand 4B are graphs each illustrating transmission spectra of a Mach-Zehnder interferometer 
or those of an arrayed waveguide grating. Fig. 3 illustrates transmission spectra of a Mach-Zehnder interferometer 
with a multiplexing/demultiplexing spacing of 0.8 nm. As illustrated in this figure, the peak wavelengths giving the least 
loss in the TE mode and TM mode are shifted by about 0.25 nm, and the loss of the other mode is greater about a few 
dB at each peak wavelength. 

[0011] Fig. 4A illustrates transmission spectra of an arrayed waveguide grating with a multiplexing/demultiplexing 
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spacing of 0.8 nm, and Fig. 4B illustrates enlarged transmission spectra around 1562 nm of Fig. 4A. As in the Mach- 
Zehnder interferometer the peak wavelengths that give the least loss for the TE mode and TM mode are shifted by 
about 0.25 nm, and the loss of the other mode is greater about a few dB at each peak wavelength. 
[0012] Such polarization dependence in the optical multiplexer/demultiplexer, which makes the polarization direction 
5 of a signal light transmitted through an optical fiber indefinite and varied with time, will cause the insertion loss or 
crosstalk to vary with time, thereby degrading the reliability of the signal. 

[0013] The polarization dependence of the optical multiplexer/demultiplexer is brought about by the waveguide bi- 
refringence of the optical waveguides constituting the circuit, where the effective refractive index of the TM mode 
perceives is greater than the effective refractive index of the TE mode. The polarization dependence occurs because 
10 of the waveguide birefringence of the two optical waveguides 103 in the Mach-Zehnder interferometer, and of the 
waveguide array 113 in the arrayed waveguide grating. 

[0014] Defining that the waveguide birefringence of the silica-based optical waveguide is the difference obtained by 
subtracting the effective refractive index of the TE mode from the effective refractive index of the TM mode, it takes a 
value of about 2 x 10' 4 - 3 x 10~ 4 in the single-mode waveguide. Such a waveguide birefringence results from the 
15 compressive stress on the optical waveguide, which is a residual thermal stress caused by the difference between the 
thermal expansion coefficient of the silicon constituting the substrate and that of the silica-based glass used as the 
material of the optical waveguide. In addition, since the thermal expansion coefficient varies depending on the type 
and concentration of the dopant of the silica-based glass, the waveguide birefringence varies even if the same material 
is used. 

20 [0015] Thus, it is essential to eliminate the polarization dependence of the optical multiplexer/demultiplexer to im- 
plement it. To eliminate the polarization dependence, the following methods have been developed: (1) a method of 
reducing the stress imposed on the waveguide by forming grooves on both sides of the waveguide, thereby decreasing 
the waveguide birefringence; (2) a method of controlling the birefringence by forming a stress-applying film such as a- 
Si on the waveguide, and by trimming the stress-applying film with monitoring the optical circuit characteristics, thereby 

25 reducing the polarization dependence of the entire optical circuit; (3) a method of controlling the birefringence by irra- 
diating ultraviolet rays on the waveguide with monitoring the optical circuit characteristics, thereby reducing the polar- 
ization dependence of the optical circuit in its entirety; (4) a method of inserting a half waveplate into the optical circuit 
to exchange the polarization mode, thereby reducing the polarization dependence of the entire optical circuit; and (5) 
a method of doping into the cladding covering the core a material that will increase the thermal expansion coefficient 

30 . such as Ge0 2 , B 2 0 3 and P 2 0 5 to bring it close to the thermal expansion coefficient of the substrate, thereby reducing 
the birefringence. These methods can reduce the wavelength shift of the foregoing Mach-Zehnder interferometer and 
arrayed waveguide grating to an order of 0.01 nm. These techniques operate as a birefringence compensator for the 
optical waveguide circuit. 

[0016] • Although these techniques can implement optical waveguide circuits having polarization dependence elimi- 

35 y nated, the following problems still arise to bring them into practical use. 

[0017] As for the method (1), since the birefringence depends greatly on the position and depth of the grooves, it is 
sensitive to the fabrication accuracy, thereby reducing the yield and increasing the number of steps of the process. As 
for the method (2), although the requirement for the fabrication accuracy is not severe : it is unsuitable for the mass 
production because the optical circuit must betrimmed individually with monitoring the characteristics. As for the method 

40 (3), it is also unsuitable for the mass production because the optical circuit must be adjusted individually with monitoring 
the characteristics. As for the method (4), since the waveguide is cut by an amount equal to or greater than the thickness 
of the waveplate of more than ten microns to several tens of microns thick, the loss increases. As for the method of 
(5), when the stress on the cladding becomes the tensile stress, the cladding glass is apt to crack easily, and the 
weather resistance is decreased because of the heavily doped dopant, resulting in the reduction in the reliability. 

45 [0018] Although the polarization dependence is described above which is caused by the waveguide birefringence 
the Mach-Zehnder interferometer has in Its two optical waveguides 1 03 and the arrayed waveguide grating has in the 
waveguide array 113, the polarization dependence because of the waveguide birefringence the arrayed waveguide 
grating has in the slab waveguides cannot be ignored. 

[0019] Cross-sectional structures of the waveguides of the arrayed waveguide grating are as follows. Figs. 5A and 
so 53 are views showing a cross-sectional structure of a slab waveguide and a waveguide array: Fig. 5A is a cross- 
sectional view of a slab waveguide; and Fig. 5B is a cross-sectional view of a waveguide array. A slab waveguide 502 
with the cross-sectional view as shown in Fig. 5A has a structure in which a core 503 is coated with a cladding 502 on 
a substrate 501 with the width of the core 503 being spread in the direction parallel to the substrate. On the other hand, 
a waveguide array 504 with the cross-sectional view as shown in Fig. 5B comprises single-mode optical waveguides 
55 including cores 504 each having a core width nearly equal to the core thickness of the core 503 of the slab waveguide 
502. In such silica-based optical waveguides, optical multiplexer/demultiplexer up to 128 waves is implemented. 
[0020] As described above, as the methods to reduce the polarization dependence of the waveguide array 113, the 
foregoing methods (1 )-(5) have been proposed. The wavelength shift amount of the arrayed waveguide grating, how- 
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ever, varies depending on the output ports of the output waveguide (1 1 5 of Fig. 1 B). Thus, the conventional techniques 
for reducing the polarization dependence can little reduce the variations in the wavelength shift amount between the 
output ports, thereby limiting the reduction in the polarization dependence. 

[0021] Fig. 6 is a graph plotting the wavelength shift of the TM mode with respect to the TE mode of the output ports 
5 of the arrayed waveguide grating that optically multiplexes or demultiplexes 32 light waves with a spacing of 0.8 nm. 
The lightwaves are inputthrough input ports 1 6 of the input waveguide (1 1 4 of Fig. 1 B). The variations in the wavelength 
shift amount are about 0.02 nm with a fixed gradient from the output port 1 to 32. The variations are caused by the 
waveguide birefringence of the slab waveguides 112 of about 1.1 x 10" 3 . 

[0022] Therefore, an object of the present invention is to provide an optical waveguide circuit that can reduce or 
10 eliminate its polarization dependence by reducing or eliminating the birefringence with solving the foregoing problems 
of the yield, mass production, optical characteristics and reliability. 

[0023] Another object of the present invention is to provide an optical waveguide circuit with reduced polarization 
dependence caused by the waveguide birefringence of the slab waveguide by reducing the waveguide birefringence. 
[0024] Still another object of the present invention is to provide an optical waveguide circuit with uniform polarization 
15 dependence by reducing the variations in the wavelength shift amount between output ports of the arrayed waveguide 
grating. 

[0025] Another object of the present invention is to provide an optical waveguide circuit capable of decreasing the 
reduction limit of the polarization dependence by combining the present invention techniques with the polarization 
dependence reduction techniques described in connection with the conventional techniques. 

20 [0026] According to one aspect of the present invention, there is provided an optical waveguide circuit including 
optical waveguides each of which has a cladding and a core formed on a substrate, wherein the optical waveguide 
circuit comprises at least one of a single-mode waveguide, a multi-mode waveguide and a slab waveguide, wherein 
at least one of the single-mode waveguide, the multi-mode waveguide and the slab waveguide includes at least in its 
part a multilayer structure that is composed of multiple types of layers with different refractive indices, and has at least 

25 three layers in total, wherein the multilayer structure has first birefringence and second birefringence, the first birefrin- 
gence deriving from a fact that an effective refractive index of the entire core, which results from contributions of the 
layers to the refractive index, has different values in directions parallel to and perpendicular to the layers, and the 
second birefringence deriving from a structure of the waveguide, and wherein when defining a value of the birefringence 
of the waveguide as a value obtained by subtracting an effective refractive index in the direction parallel to the substrate 

30 from an effective refractive index in the direction perpendicular to the substrate, the value of the first birefringence and 
the value of the second birefringence have opposite signs. 

[0027] Here : the second birefringence may have a positive value, and the multilayer structure may be composed of 
layers parallel to the substrate. 

[0028] The second birefringence may have a negative value, and the multilayer structure may be composed of layers 
35 parallel to a light traveling direction and perpendicular to the substrate. 

[0029] An absolute value of geometrical birefringence caused by the multilayer structure may be less than twice an 
absolute value of a remaining birefringence value. 

[0030] Values B SM , B MM and B SL may differ from each other, where B SM , B MM and B SL are geometrical birefringence 
values caused by the multilayer structure of the single-mode waveguide, that of the multi-mode waveguide and that 
40 of the slab waveguide. 

[0031] The values B SM , B MM and B SL may satisfy a relationship of |B SM |< |B MM | < |B SL J . 

[0032] The refractive indices and thicknesses of the layers constituting the multilayer structure may be substantially 
symmetrical with respect to a central layer. 

[0033] The multilayer structure may be composed of two types of layers that have different refractive indices, and 

45 are stacked nearly alternately. 

[0034] As for the layers constituting the multilayer structure, thicknesses of at least layers with highest refractive 
index may be increased from two end layers adjacent to the cladding to a central layer; thicknesses of at least layers 
with lowest refractive index may be decreased from the two end layers adjacent to the cladding to the central layer; or 
the thicknesses of at least the layers with the highest refractive index may be increased from two end layers adjacent 

so to the cladding to a central layer, and the thicknesses of at least the layers with the lowest refractive index may decrease 
from the two end layers adjacent to the cladding to the central layer. 

[0035] The refractive indices of layers constituting the multilayer structure may increase from two end layers adjacent 
to the cladding toward inmost part of the core. 

[0036] The total number of the layers of the multilayer structure may be five to ten. 
55 [0037] An average refractive index n ave of the core due to the multilayer structure may given by the following equations 
(2) and (3), and an absolute value of geometrical birefringence B s caused by the multilayer structure maybe give by 
the following equations (1) and (3): 
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where N is the number of layers of the multilayer structure. n t and t 4 are refractive indices and thicknesses the individual 
layers, and c-, and c 2 are fixed values determined for each waveguide structure by actual measurement or calculation. 
25 [0038] The substrate may consist of one of a silicon substrate, and the waveguide may be composed of silica-based 
glass. 

[0039]- The substrate may consist of a silica substrate, and the waveguide may be composed of silica-based glass. 
[0040]: The optical waveguide circuit may further comprise an optical interferometer including two optical couplers 
and a plurality of waveguides with different lengths interconnecting the two optical couplers, wherein as for a waveguide 

30 with a minimum waveguide length among the plurality of waveguides, when a length of the multilayer structure of its 
core is L, and as for the remaining waveguides of the plurality of waveguides, lengths of their multilayer structures 
equal to L plus differences between lengths of the remaining waveguides and the minimum waveguide length. 
[0041] The optical waveguide circuit may further comprise a Mach-Zehnder interferometer including two optical cou- 
plers and two single-mode waveguides interconnecting the two optical couplers. 

35 [0042]' The optical waveguide circuit may further comprise an arrayed waveguide grating including: two slab 
waveguides; a waveguide array consisting of a plurality of single-mode waveguides with different lengths interconnect- 
ing the slab waveguides; an input waveguide consisting of single-mode waveguides connected to one of the two slab 
waveguides; and an output waveguide consisting of single-mode waveguides connected to the other of the two slab 
waveguides. 

40 [0043] The optical waveguide circuit may further comprise a birefringence compensator. 
[0044] The birefringence compensator may utilize a half waveplate. 

[0045] Next, a structure common to the single-mode waveguide, multi-mode waveguide and slab waveguide will be 
described in detail together with a structure associated with the single-mode waveguide and the multi-mode waveguide. 
[0046] The present invention differs from the conventional techniques in that its core has a multilayer structure com- 

45 posed of multiple layers with different refractive indices. In addition, as for the birefringence of the waveguide, the 
geometrical birefringence caused by the multilayer structure is canceled out by the other birefringence to reduce or 
eliminate the birefringence of the waveguide. Specifically, the birefringence of the waveguide can be reduced or elim- 
inated by determining the value of the geometrical birefringence caused by the multilayer structure to have the opposite 
sign to the value of the other birefringence. Here, placing the magnitude of the geometrical birefringence caused by 

so the multilayer structure at nearly the same value (absolute value) as the magnitude of the other birefringence with the 
opposite sign makes it possible to bring the birefringence of the waveguide to nearly zero. 

[0047] The core with the multilayer structure composed of layers with different refractive indices can bring about the 
geometrical birefringence that will increase the effective refractive index in the direction parallel to the multilayer struc- 
ture. The magnitude of the geometrical birefringence is determined by the refractive indices and thicknesses of the 
55 individual layers. Accordingly, the birefringence of the waveguide can be eliminated by forming the layers in such a 
manner that they will reduce the waveguide birefringence caused by the residual thermal stress and the like, and by 
making the magnitude |B S | of the geometrical birefringence caused by the multilayer structure nearly equal to the 
magnitude |B 0 | of the waveguide birefringence caused by the residual thermal stress and the like. Thus, the polarization 
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dependence of the optical waveguide circuit can be reduced. The birefringence can be reduced as compared with the 
conventional technique by making |B S | < 2|B 0 | . 

[0048] In this case, it is not necessary that the cores of ail the optical waveguides of the optical waveguide circuit 
have a multilayer structure. It is enough that portions of the optical waveguides that will cause the polarization depend- 
ence of the optical waveguide circuit are made multiple. 

[0049] When using the silica-based glass as the material of the optical waveguides and the silicon as the substrate, 
the optical waveguides undergo the compressive stress. In this case, the effective refractive index increases in the 
electnc field perpendicular to the substrate (TM mode). Therefore, the birefringence of the optical waveguide can be 
reduced by forming the multilayer structure in the direction parallel to the substrate so that the birefringence caused 
by the compressive stress is canceled out by the geometrical birefringence due.to the multilayer structure In contrast 
the silica substrate will increase the effective refractive index of the optical waveguide in the electric field parallel to 
the substrate (TE mode). Therefore, the birefringence of the optical waveguide can be reduced by the multilayer struc- 
ture perpendicular to the substrate. 

[0050] The single-mode waveguide with a multilayer structure composed of layers with different refractive indices 
can reduce the birefringence of the waveguide. For example, the polarization dependence of the arrayed waveguide 
grating is mainly due to the waveguide birefringence of the waveguide array composed of the single-mode waveguides 
as described above. Accordingly, the optical waveguides of the waveguide array with a multilayer structure can reduce 
the birefringence of the optical waveguide, thereby being able to reduce the polarization dependence. In addition, the 
waveguide array composed of optical waveguides, each of which includes a multilayer core with the same order of 
length as their integral parts, that is, a multilayer core formed in an appropriate part of each optical waveguide having 
influence on the polarization dependence, can reduce the polarization dependence as compared with the conventional 
techniques. 

[0051] In addition, the multi-mode waveguide with the multilayer structure composed of the layers with different 
refractive indices can reduce the birefringence of the optical waveguide. For example, a multi-mode interferometer 
(called "MMI" from now on) using a multi-mode waveguide with a width several times wider than the single-mode 
waveguide as its optical coupler has the polarization dependence in the excess loss. However, the polarization de- 
pendence in the excess loss can be reduced by the multilayer structure. 

[0052] In addition, the multilayer structure ! which is applied to the cores of both the single-mode waveguide and 
multi-mode waveguide rather than to the core of only one of them, can further reduce the polarization dependence of 
the optical waveguide circuit. For example, as for the Mach-Zehnder interferometer using the MMI as the optical cou- 
plers, the multilayer structure can be applied to the two single-mode waveguides interconnecting the two MMIs and to 
the multi-mode waveguides of the two MMIs at the same time to further reduce its polarization dependence. 
[0053] The waveguide birefringence value can vary depending on the geometry of the optical waveguide such as its 
dimension. In this case, the multilayer structures with suitable geometrical birefringence values, which are applied to 
the single-mode waveguide and multi-mode waveguide, respectively, can reduce the polarization dependence of the 
optical waveguide circuit appropriately. As with the silica-based optical waveguide S! the waveguide birefringence is 
apt to increase with the width of the waveguide. Therefore, the multilayer structure should be formed such that the 
geometrical birefringence value of the multi-mode waveguide is made greater than that of the single-mode waveguide. 
[0054] As for the multilayer structure, it is possible to align the center of the distribution of the electromagnetic field 
of the traveling light close to the center of the core as in the conventional techniques by making the refractive indices 
and thicknesses of the layers of the multilayer structure core nearly symmetric with respect to the central layer of the 
layers. In addition, this enables the distribution profile of the electromagnetic field to be nearly symmetric with respect 
to the core center in both the directions perpendicular and parallel to the substrate. Therefore, the circuit design anal- 
ogous to that of the conventional techniques can implement desired circuit characteristics. 

[0055] In addition, stacking at least two layers with different refractive indices alternately makes it possible to consider 
the refractive indices the light perceives in the direction perpendicular to the layer are nearly constant. As a result, the 
birefringence of the optical waveguide can be reduced or eliminated with maintaining the distribution of the electro- 
magnetic field at nearly the same profile as that of the conventional one. 

[0056] In addition, the graded-index, which increases the refractive indices of the individual layers of the multilayer 
structure from both ends of the cladding to the center of the core, can reduce or eliminate the birefringence of the 
optical waveguide with implementing a spot size different from that of the conventional optical waveguide. 
[0057] As for the total number of the layers of the multilayer structure, the multilayer structure of the core with five 
to ten layers can be implemented easily even by the thick film fabrication process such as flame hydrolysis deposition 
(FHD). In addition, the connection loss with the optical fibers can also be reduced as will be described later in connection 
with the embodiments in accordance with the present invention. 

[0058] The multilayer structure can be determined without any complicated analysis by determining the factors such 
that they approximately satisfy the following equations (1)-(3). 
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where |B S | is the geometrical birefringence value due to the multilayer structure, n ave is the average refractive index 
25 of the core in the multilayer structure, N is the total number of the layers of the multilayer structure, n^ndtjare refractive 
index and thickness of each layer of the multilayer structure, and Cj and c 2 are constants (correction coefficients) that 
are determined by calculation or measurement in accordance with the waveguide structure. 
[0059] In the right side of equation (1), the term 



represents the effective refractive index in the direction parallel to the layers, and the term 



40 




45 

represents the effective refractive index In the direction perpendicular to the layers. Accordingly, the difference between 
them is the geometrical birefringence originating from the multilayer structure. The calculated values of them are as- 
sociated with the geometrical birefringence value [B^ , which is obtained by actual measurement or calculation, by the 
correction coefficients and c 2 as in equation (1). 

50 [0060] The correction coefficients c, and c 2 mainly depend on the confinement of light due to the waveguide structure 
(relative refractive index difference and dimension), thereby taking nearly fixed values for the optical waveguides in 
which the confinement of light is constant. Accordingly, obtaining the correction coefficients by prototyping an appro- 
priate multilayer structure core or by carrying out mode solver of an appropriate multilayer structure core can facilitate 
the design of the multilayer structure that will satisfy the desired geometrical birefringence. 

55 [0061] As for the multilayer structure in which at least two layers with different refractive indices are stacked alter- 
nately, the correction coefficient c 1 = 1 nearly corresponds to the case where the core confines the light sufficiently. 
When the confinement is weaker, the coefficient is mainly set less than one. 

[0062] Among the optical waveguide circuits, the polarization dependence appears conspicuously in an optical inter- 
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ferometer that interconnects a first optical coupler and a second optical coupler by multiple waveguides with different 
waveguide lengths. The Mach-Zehnder interferometer and arrayed waveguide grating are a typical example of them. 
It is possible to provide optical circuits with smaller polarization dependence by reducing the waveguide birefringence 
of the optical interferometer by means of the multilayer structure core. In the optical interferometer, the polarization 
dependence of the circuit can be reduced or eliminated by reducing or eliminating the polarization dependence by an 
amount corresponding to the waveguide length difference. Specifically, the multilayer structure cores are to be formed 
over the lengths corresponding to the waveguide length differences from the shortest waveguide length in the optical 
waveguides. Alternatively, the multilayer structure can be constructed over the lengths corresponding to the waveguide 
length differences plus a fixed length. Specifically, as for the individual waveguides, the portions of the cores to have 
the multilayer structure can be set as follows. Here, the entire cores of the waveguides can also have the multilayer 
structure. 



Table 1 



optical waveguides 


Lengths of cores to be made multilayer structure 


optical waveguide with shortest waveguide length (L,) 
optical waveguide with second shortest waveguide length (l_ 2 ) 

optical waveguide with ith shortest waveguide length (Lj) 


MOSLSL,) 
L + 0-2-1-!) 



[0063] In addition, it is not necessary that the multilayer structure core is formed continuously, but that the total 
waveguide length becomes a prescribed length. The optical interferometer can include an optical interferometer that 
has its multiple optical couplers such as lattice-form filters connected by the multiple waveguides. 
[0064] When a plurality of multilayer structures are required, combining the present invention technique with the 
birefringence compensator of the conventional techniques for eliminating the polarization dependence described above 
can reduce the number of types of the multilayer structures to be formed. In addition, when it is difficult to fabricate the 
multilayer structure that will provide predetermined geometrical birefringence, the combination can eliminate the 
waveguide birefringence by the geometrical birefringence implementable by the multilayer structure. Thus, it is possible 
to increase the flexibility of selecting structural parameters of the multilayer structure. As an example of reducing the 
number of types of the multilayer structures to be formed, let us consider an example in which a half waveplate is 
applied to a Mach-Zehnder interferometer using MMI as its optical couplers. The half waveplate is inserted into the 
single-mode waveguides between the optical couplers to eliminate the polarization dependence due to the waveguide 
birefringence of the single-mode waveguides. As for the multilayer structure, only one multilayer structure is formed 
for the multi-mode waveguide core. In addition, as a method of eliminating the waveguide birefringence by the geo- 
metrical birefringence achievable by the multilayer structure that can be fabricated, a material for increasing the thermal 
expansion coefficient such as Ge0 2 , B 2 0 3 and P 2 O s can be doped into the conventional technique cladding, and 
adjusted to a geometrical birefringence value implementable by the multilayer structure, for example. In this case, the 
doping must be carried out at such a level that no tensile stress takes place to maintain the reliability at a certain level. 
[0065] As described above, it is not necessary for the core of the waveguide to have the multilayer structure over its 
entire length. Thus, a waveguide with a combination of a multilayer structure core and a uniform core can also be used. 
In such a waveguide, its birefringence can be reduced or eliminated by making the average refractive index of the 
multilayer structure core equal to the refractive index of the uniform core, and by making the geometrical birefringence 
value due to the multilayer structure nearly equal and opposite in sign to the birefringence value of the uniform core. 
Here, it is assumable that the average refractive index of the multilayer structure core is given by equations (2) and 
(3), and that the geometrical birefringence caused by the multilayer structure value is given by equations (1) and (3). 
[0066] As described above, the present invention can eliminate or reduce the waveguide birefringence, and hence 
can eliminate or reduce the polarization dependence of the optical circuit. In addition, the present invention, which 
forms cores with a multilayer structure, can employ the conventional fabrication method of the waveguides as described 
above. Accordingly, it can fabricate optical circuits without decreasing its manufacturing yield, mass productivity, optical 
characteristics and reliability, which are the problems of the foregoing conventional elimination techniques of the po- 
larization dependence. As a result, the present invention can provide a low cost, high performance, high reliability 
practical optical circuit. 

[0067] Next, a configuration of the slab waveguide will be described along with a configuration of a combination of 
the single-mode waveguide and the multi-mode waveguide. The idea of the configuration of the slab waveguide is the 
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same as that applied to the configuration of the single-mode waveguide and the multi-mode waveguide. 
[0068] According to the present invention, the multilayer structure, which is composed of layers with different refrac- 
tive indices and is applied to the slab waveguide core, can bring about the geometrical birefringence that has a higher 
effective refractive index in the direction parallel to the layers. Forming the multilayer structure core in the direction 

5 that will compensate for the birefringence (waveguide birefringence) caused by the residual thermal stress and the like 
can implement a slab waveguide with reduced waveguide birefringence, which is an object of the present invention, 
thereby reducing the polarization dependence of the optical circuit caused by the waveguide birefringence of the slab 
waveguide. In particular, the wavelength shift amounts of the individual output ports of the arrayed waveguide grating 
can be made uniform. In addition, combining the slab waveguide with the conventional polarization dependence re- 

10 duction techniques (birefringence compensator) can provide an optical waveguide circuit, the reduction limit of the 
polarization dependence of which is lowered. 

[0069] In addition, as for the optical waveguide using silica-based glass as its material and silicon as the substrate, 
the effective refractive index of the optical waveguide is greater in the electric field in the direction perpendicular to the 
substrate (TM mode). Accordingly, using the multilayer structure in the direction parallel to the substrate enables the 

15 waveguide birefringence due to the stress and the geometrical birefringence due to the multilayer structure to be can- 
celed out each other, thereby implementing the slab waveguide with small waveguide birefringence. 
[0070] In addition, when a silica substrate is used, the effective refractive index of the optical waveguide is greater 
in the electric field parallel to the substrate (TE mode). Accordingly, a multilayer structure in the direction perpendicular 
to the substrate can reduce the waveguide birefringence of the slab waveguide. Thus, the polarization dependence of 

20 the optical circuit caused by the waveguide birefringence of the slab waveguide can be reduced. In particular, the 
wavelength shift amounts of the individual output ports of the arrayed waveguide grating can be made uniform. 
[0071] In addition, in the silica-based optical waveguides, the slab waveguide with the conventional structure has 
greater waveguide birefringence than the single-mode waveguide with the conventional structure. To form a multilayer 
structure with the geometrical birefringence that will cancel out the waveguide birefringence, the geometrical birefrin- 

25 gence due to the multilayer structure of the slab waveguide core is made greater than the geometrical birefringence 
due to the multilayer structure of the single-mode waveguide core. Applying the multilayer structures that can eliminate 
the waveguide birefringence to the slab waveguide and to the single-mode waveguide independently makes it possible 
to provide a circuit with small polarization dependence. In particular, the arrayed waveguide grating can make uniform 
the wavelength shift amounts of the individual output ports, and reduce or eliminate the wavelength shift. 

30 [0072] In addition, combining the present invention technique with the conventional polarization dependence reduc- 
tion techniques can provide an optical waveguide circuit that can lower the reduction limit of the polarization depend- 
ence. 

[0073] In addition, the multilayer structure comprising layers with a high refractive index and layers with a low refrac- 
tive index which are disposed alternately makes it possible to implement a slab waveguide that has the same effective 
35 refractive index as the conventional one, and has the refractive index the light perceives in the direction perpendicular 
to the layers being almost uniform. Thus, optical circuits can be constructed using the slab waveguide with the same 
geometry as the conventional one. 

[0074] In addition, as described above, the waveguide birefringence of the slab waveguide is greater than that of 
the single-mode waveguide in the silica-based optical waveguide. The waveguide birefringence can vary according 

40 the geometry such as the dimension of the optical waveguide, and increases with an increase in the core width of the 
optical waveguide in the silica-based optical waveguide. Accordingly, as for an optical multiplexing/demultiplexing cir- 
cuit comprising a combination of an arrayed waveguide grating, which is composed of the single-mode waveguide, 
multi-mode waveguide and slab waveguide, and a Mach-Zehnder interferometer which comprises optical couplers 
consisting of multi-mode interferometers (called "MMI" from now on), using separate multilayer structures, in which 

45 the geometrical birefringence due to the multilayer structure increases in the order of the single-mode waveguide, 
multi-mode waveguide and slab waveguide, can eliminate the waveguide birefringence, and provide a circuit with a 
small polarization dependence. 

[0075] I n addition , the center of the distribution of the electromagnetic field of the traveling light can be aligned closely 
to the center of the core as in the conventional devices by making the refractive indices and thicknesses of the individual 
50 layers of the multilayer structure of the core nearly symmetry with respect to the central layer of the layers. In addition, 
this enables the profile of the distribution of the electromagnetic field to be nearly symmetry with respect to the core 
center in the directions perpendicular and parallel to the substrate. As a result, desired circuit characteristics can be 
implemented using nearly the same circuit design method as the conventional techniques. 

[0076] In addition, the graded-index, which increases the refractive indices of the individual layers of the multilayer 
55 structure from both ends of the cladding to the center of the core, can reduce or eliminate the birefringence of the 
optical waveguide with implementing a spot size different from that of the conventional optical waveguide. 
[0077] As for the total number of the layers of the multilayer structure, five to ten layers can implement the multilayer 
structure of the core easily even by the thick film fabrication process such as FHD. In addition, the connection loss 
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with the optical fibers can be reduced as will be described in the embodiments in accordance with the present invention. 
[0078] The multilayer structure can be determined without any complicated analysis by determining the factors such 
that they approximately satisfy the foregoing equations (1)-(3). As for the multilayer structure in which at least two 
layers with different refractive indices are stacked alternately, the correction coefficient c t = 1 nearly corresponds to 
the case where the core confines the light sufficiently. When the confinement is weak, it is mainly set less than one. 
[0079] In addition, the present invention technique combined with the conventional polarization dependence reduc- 
tion techniques (birefringence compensator) can eliminate the polarization dependence of the optical waveguide circuit. 
For example, the multilayer structure is applied to the cores of the slab waveguides and multi-mode waveguide in the 
arrayed waveguide grating and in the Mach-Zehnder interferometer using the MM I as the optical couplers. As for the 
single-mode waveguide, which brings about the polarization dependence of the.optical circuit by the birefringence, the 
half waveplate is inserted into the waveguide array of the arrayed waveguide grating, and into the optical waveguides 
between the optical couplers of the Mach-Zehnder interferometer. Thus, the polarization dependence can be reduced. 
[0080] In addition, it is not necessary for the cores of all the optical waveguides of the optical waveguide circuit to 
have the multilayer structure. It is enough that portions of the optical waveguides affecting the polarization dependence 
of the optical waveguide circuit are made multilayer. For example, as for the arrayed waveguide grating, it is enough 
that the individual waveguides of the waveguide array and the slab waveguides have the multilayer structure. 
[0081] In addition, applying the multilayer structure to part of them can reduce the polarization dependence as com- 
pared with the conventional one. For example, providing the individual waveguides of the waveguide array with mul- 
tilayer cores of the same order, that is, providing multilayer cores to appropriate portions of the optical waveguides 
affecting the polarization dependence can reduce the polarization dependence. 

[0082] As described above, according to the present invention, the waveguide birefringence of the slab waveguide 
can be reduced, and the polarization dependence caused by the waveguide birefringence of the slab waveguide can 
be reduced. In particular, the wavelength shift of the individual output ports of the arrayed waveguide grating can be 
made uniform. In addition, combining the present invention technique with the conventional polarization dependence 
reduction techniques makes it possible to lower the reduction limit of the polarization dependence, thereby providing 
a high performance optical waveguide circuits. This means that the loss of signals passing through the optical multi- 
plexer/demultiplexer and the fluctuations of the crosstalk thereof are reduced in the optical multiplexer/demultiplexer, 
and that the reliability is increased of the signals in the optical communication system using the optical WDM technique! 
[0083] Next, configurations other than the foregoing configurations will be described which are applicable to the 
single-mode waveguide, multi-mode waveguide and slab waveguide. 

[0084] In at least one of the multilayer structures formed in the cores of the optical waveguides of the optical 
waveguide circuit, the graded-index can be implemented which has a refractive index that effectively increases from 
the end layers to the center of the cladding, and the birefringence of the optical waveguides can be reduced or eliminated 
together with implementing a different spot size in the following structure: at least layers with higher refractive indices 
among the individual layers are made thicker from the end layers to the center of the cladding; at least layers with 
lower refractive indices are made thinner from the end layers to the center of the cladding; and at least layers with 
higher refractive indices are made thicker from the end layers to the center of the cladding, and at least layers with 
lower refractive indices are made thinner from the end layers to the center of the cladding. 

[0085] The above and other objects, effects, features and advantages of the present invention will become more 
apparent from the following description of embodiments thereof taken in conjunction with the accompanying drawings. 

Figs. 1 A and 1B are diagrams showing a configuration of a Mach-Zehnder interferometer and that of an arrayed 
waveguide grating, respectively; 

Fig. 2 is a cross-sectional view of a conventional optical waveguide; 

Fig. 3 is a graph illustrating transmission spectra of a conventional Mach-Zehnder interferometer; 
Figs. 4A and 4B are graphs illustrating transmission spectra of a conventional arrayed waveguide grating; 
Figs. 5A and 5B are cross-sectional views showing a conventional slab waveguide and waveguide array respec- 
tively; 

Fig. 6 is a graph illustrating the wavelength shift at the output ports of the conventional arrayed waveguide grating; 
Fig. 7 is a cross-sectional view of an optical waveguide of a first, second, third, fourth and eighth embodiments in 
accordance with the present invention; 

Figs. 8A, 8B and 8C are cross-sectional views showing an example of the fabricating process of the optical 
waveguide of a first, second, third, fourth, fifth and eighth embodiments in accordance with the present invention; 
Fig. g is a graph illustrating an example of the magnitude |B S | of the birefringence due to the multilayer structure 
against the relative refractive index difference A-j of the first layer of the multilayer structure core of the first and 
third embodiments in accordance with the present invention; 

Fig. 1 0 is a graph illustrating an example of a transmission spectrum of a Mach-Zehnder interferometer in the first 
embodiment in accordance with the present Invention; 



10 



EP1 219 983 A2 



Figs. 1 1 A and 1 1 B are graphs each illustrating an example of transmission spectra of an arrayed waveguide grating 
of the first embodiment in accordance with the present invention; 

Fig. 1 2 is a graph illustrating an example of the magnitude |B S | of the birefringence due to the multilayer structure 
against the number iv^ of layers of the first layer of the multilayer structure core in the second embodiment in 
5 accordance with the present invention; 

Fig. 13 is a cross-sectional view showing an optical waveguide of the fifth embodiment in accordance with the 
present invention; 

Fig. 1 4 is a graph illustrating an example of the magnitude |B S | of the birefringence due to the multilayer structure 
against the thickness of the first layer of the multilayer structure core in the fifth embodiment in accordance with 
10 the present invention; 

Fig. 15 is a cross-sectional view of an optical waveguide of a sixth embodiment in accordance with the present 
invention; 

Figs. 16A, 16B and 16C are cross-sectional views showing an example of the fabricating process of the optical 
waveguide of the sixth embodiment in accordance with the present invention; 
15 Fig. 17 is a cross-sectional view of another optical waveguide of the sixth embodiment in accordance with the 

present invention; 

Fig. 1 8 is a cross-sectional view of another optical waveguide of a seventh embodiment in accordance with the 
present invention; 

Fig. 1 9 is a diagram showing a configuration of an MMI of the eighth embodiment in accordance with the present 
20 invention; 

Figs. 20A and 20B are cross-sectional views showing a ninth, tenth and twelfth embodiments of the optical 
waveguide circuit in accordance with the present invention; 

Fig. 21 is a graph illustrating the wavelength shift at the output ports of the arrayed waveguide grating of the ninth 
embodiment; 

25 Figs. 22A and 22B are cross-sectional views showing an 11th embodiment of the optical waveguide circuit in 

accordance with the present invention; 

Fig. 23 is a graph illustrating the magnitude (Bj of the birefringence due to the multilayer structure against the 
relative refractive index difference A 1 of the first core of the multilayer structure core for illustrating a 13th embod- 
iment in accordance with the present invention; 
30 Fig. 24 is a cross-sectional view showing a 16th embodiment in accordance with the present invention; and 

Fig. 25 is a cross-sectional view showing a 17th embodiment in accordance with the present invention. 

[0086] The embodiments in accordance with the present invention will now be described in detail. 
[0087] In the following description of the embodiments, the refractive indices of the individual layers of the multilayer 
35 structure core and the average refractive index of the core are represented in terms of the relative refractive index 
difference and the average relative refractive index difference from those of the under-cladding. The refractive index 
of the under-cladding is made equal to the refractive index of the silica glass. 

[EMBODIMENT 1] 

40 

[0088] Fig. 7 is a cross-sectional view of a single-mode waveguide of a first embodiment in accordance with the 
present invention. A silicon substrate is used as a substrate 701 , and silica-based glass is used to form a cladding 702 
and a core 703. The core 703 has a multilayer structure including first core layers 703a and second core layers 703b 
which are stacked alternately by multiple times. 
45 [0089] In the present embodiment, the core has a multilayer structure perpendicular to the surface of the substrate 
as shown in Fig. 7. Specifically, the core 703 comprises the first core layers 703a and second core layers 703b which 
are parallel to the surface of the substrate, and are stacked alternately in the direction perpendicular to the surface of 
the substrate to form the multilayer structure. 

[0090] The relative refractive index differences Aj and layer thicknesses t| (i = 1 and 2) of the first core layers 703a 
50 and second core layers 703b are set in the following procedures. Procedure 1) Fabricate an optical circuit with an 
appropriate multilayer structure, and estimate the geometrical birefringence due to the multilayer structure value from 
its characteristics. From the results and equations (1)-(3), the correction coefficients and c 2 are determined. Proce- 
dure 2) Determine the relative refractive index differences A { and the layer thicknesses tj (i = 1 and 2) from equations 
(1 )-(3) such that the geometrical birefringence due to the multilayer structure becomes a predetermined value. As for 
55 the procedure 1), when the fabrication accuracy of the multilayer structure is high, and only the geometrical birefrin- 
gence due to the multilayer structure is present which is composed of stacked layers with different refractive indices 
without any new additional stress-induced birefringence, the mode solver can be used instead of fabricating the optical 
circuit. 
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[0091] To determine the multilayer structure in the conditions that the average relative refractive index difference 
A ave of the core is 0.75%, and the core dimension is 6ujti x 6^im, procedure 1) the Mach-Zehnder interferometer as 
shown in Fig. 1 A was fabricated in the following three conditions of the relative refractive index differences Aj and the 
layer thicknesses t| (i = 1 and 2) of the first core layer 703a and second core layer 703b. As for the number of layers, 
the total number of the layers is made nine, the number N 1 of the first core layers is made five and the number N 2 of 
second core layers is made four. 

1) first core layer 703a, A 1 = 1 .0%, t n = 0.90u.m second core layer 703b, A 2 = 0%, t 2 = 0.38pm 

2) first core layer 703a, A 1 = 3.0%, ^ = 0.29u.m second core layer 703b, A 2 = 0%, t 2 = 1 .14ujti 

3) first core layer 703a, A 1 = 5.1%, ^ = 0.1 7pm second core layer 703b, A2 = 0%, ^ = 1 .29|im 

[0092] Figs. 8A, 8B and 8C are process diagrams for fabricating the waveguide of the present embodiment. 
[0093] First, as shown in Fig. 8A, a silicon substrate was used as a substrate 801 , and then an under-cladding 802 
and a core layer 803 composed of first core layer films 803a and second core layer films 803b which were stacked 
alternately were formed on the substrate 801 by flame hydrolysis deposition. The flame hydrolysis deposition is a 
method of forming glass particles mainly composed of Si0 2 from glass material gas mainly composed of SiCI 4 in the 
flame of an oxyhydrogen torch, thereby depositing a glass particle layer on the substrate. The deposited glass particle 
layer was heated by an electric furnace together with the substrate to form consolidated glass films. The glass particle 
layers for the first core layer films 803a were doped with Ge0 2 to increase the refractive index. The amount of the 
doping was 10 mol% per 1% of the relative refractive index difference A. In addition, B 2 0 3 and P 2 0 5 were added to 
drop the consolidation temperature. 

[0094] As shown in Fig. 8B, a core ridge 804 was formed by removing unnecessary portions of the core layer 803 
by the reactive ion etching. As shown in Fig. 8C, an over-cladding 804 was formed which had a refractive index equal 
to that of the under-cladding 802 in such a manner that it covered the core 804. To form the over-cladding 805, a glass 
particle layer was deposited again by the flame hydrolysis deposition, followed by heating in the electric furnace. 
[0095] The transmission spectra of the fabricated Mach-Zehnder interferometer were measured, and the birefrin- 
gence value B e was estimated from the wavelength shift in the TE mode and TM mode, which was obtained from the 
transmission spectra. The geometrical birefringence B s due to the multilayer structure was obtained by subtracting 
from the B e the waveguide birefringence value B 0 = 2.3 X 10* caused by the conventional core structure. Closed 
circles of Fig. 9 represent the magnitude |B S | of the birefringence due to the multilayer structure. From the result and 
equations (1)-(3), the correction coefficient c 1 is set at 0.8 and c 2 zero. The solid line of Fig. 9 represents |B S | calculated 
from the correction coefficients and equations (1)-{3). The |BJ obtained in the procedure 2) for calculating the geo- 
metrical birefringence in the structure by the mode solver, was 3.8 x 10* which was nearly equal to the calculation 
of Fig. 9. 

[0096] Next, in the procedure 2), the relative refractive index differences Aj and layer thicknesses tj (i = 1 and 2) of 
the first core layer 703a and second core layer 703b that will give |BJ = |B 0 | = 2.3 x 10* were obtained from the 
correction coefficient c, of 0.8 and equations (1)-(3). Form the solid line of Fig. 9 representing the calculation result, 
the relative refractive index difference A 1 of the first core layer 703a, at which |BJ = |B 0 | = 2.3 x 10~ 4 , was obtained 
as 2.0%, and the thicknesses ^ and t 2 take the following values from equations (2) and (3). 

first core layer 703a, A 1 = 2.0%, t, = 0.44ujti, N 1 = 5 

second core layer 703b, A 2 = 0%, ^ = 0.95u,m, N 2 = 4 
[0097] It is seen from Fig. 9 that the values JBJ vary as a linear function of A v Accordingly, the estimation can be 
made by obtaining |B S | for values A 1 at several points by the procedure 1), by estimating an approximate line thereof, 
and by obtaining the values A 1 corresponding to the predetermined |B S | from the approximate line. 
[0098] Using the multilayer structure, the Mach-Zehnder interferometer as shown in Fig. 1A and the arrayed 
waveguide grating as shown in Fig. 1B were fabricated. The slab waveguides 112 of the arrayed waveguide grating 
were formed in the same layer structure as the single-mode waveguide. 

[0099] Fig. 10 is a graph illustrating the transmission spectra of the Mach-Zehnder interferometer, and Figs. 11 A and 
11B are graphs illustrating the transmission spectra of the arrayed waveguide grating. The loss spectrum of the TE 
mode is nearly identical to that of the TM mode. The wavelength shift A x at the peak wavelengths at which the TE 
mode and TM mode have a minimum loss is less than 0.01 nm for the Mach-Zehnder interferometer, and less than 
0.03 nm for the arrayed waveguide grating. The birefringence B e is estimated less than 3x10-5 from the wavelength 
shift, which shows that the birefringence of the waveguide can be made small enough in the waveguide structure in 
accordance with the present invention. In addition, the loss difference between the two modes at the peak wavelengths 
is about 0.1 dB, which is much smaller than that of the conventional value of a few dB. Thus, it is seen that the polar- 
ization dependence of the optical waveguide circuit can be eliminated almost completely. 
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[EMBODIMENT 2] 
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[0100] The second embodiment in accordance with the present invention is characterized by varying the number of 
layers of the core in a range of about 1/2 - 2 times that of the first embodiment. 

[0101] As for the multilayer structure core 703 as shown in Fig. 7, which is a single-mode waveguide, the relative 
refractive index difference of the first core layers 703a is set at 2.0%, and the relative refractive index difference A 2 
of the second core layers 703b is set at 0% so that the average relative refractive index difference A ave becomes 0.75%, 
the core dimension becomes 6jim x 6p.m, and the magnitude |B S | of the birefringence due to the multilayer structure 
becomes 2.3 x 10" 4 as in the embodiment 1 . The arrayed waveguide grating as shown in Fig. 1 B was fabricated with 
varying the number of layers of the first core layers in a range of two to 11 layers. The slab waveguides 112 of the 
arrayed waveguide grating were formed in the same layer structure as the single-mode waveguide. The number of 
layers N 2 of the second core layers is (N r 1 ). The layer thickness t 1 of the first core layer 503a and the layer thickness 
t 2 of the second core layer 503b were set as follows. 



= 2, = 1 .10u.m, t 2 = 3.79u.m 
= 3, tj = 0.74|xm, t 2 = 1 .90\im 
= 4, t« 



35 



■■ 4, tj = 0.55u,m, ^ = 1 .26um 

5, t A = 0.44u,m, tg = 0.95u,m 

6, t-, = 0.37u,m, t 2 = 0.76p.m 
: 7, = 0.32u.m, t 2 = 0.63ujn 
: 8, tj = 0.28[im, t 2 = 0.54fim 
= 9, tj = 0.25u.m, t 2 = 0.47p,m 
: 10, t 1 = 0.22u.m, t 2 = 0.42um 

1 1 , t-, = 0.20p.m. X2 = 0.38^m 
[0102] The fabricating process of the waveguide is the same as that of the first embodiment. 
[0103] Fig. 12 illustrates the magnitude of the geometrical birefringence |B S | due to the multilayer structure estimated 
from the wavelength shift of the transmission spectra measured. When N., is two, [BJ is greater than the predetermined 
value by an amount of 5 x 10" 5 , and both the circuit loss and connection loss with an ordinary optical fiber increase 
slightly. This is because the waveform distortion is greater in this case than in the distribution of the electromagnetic 
field of the conventional structure. In contrast, when the total number of the layers is equal to or greater than five, it is 
seen that the value |BJ is set within an error of 2 x 10~ 5 from the predetermined |B S | . In addition, although the con- 
ventional structure has a connection loss with an ordinary optical fiber of about 0.4 dB, the present embodiment can 
reduce it by about 0.1 5 dB when N 1 is 3-6, by about 0.1 dB when is 7 or 8, and by about 0.05 dB when N 1 is 9-11 . 
Thus, selecting an appropriate number of layers can reduce the connection loss. Accordingly, to reduce the birefrin- 
gence of the waveguide sufficiently, and to eliminate almost all the polarization dependence of the optical waveguide 
circuit, the total number of the layers is preferably set at five or more. 



[EMBODIMENT 3] 

[0104] The third embodiment in accordance with the present invention is characterized in that the average relative 

40 refractive index difference of the core is increased than that of the first embodiment. 

[0105] The multilayer structure core 703 as shown in Fig. 7, a single-mode waveguide, was formed such that it had 
the average relative refractive index difference A ave of 1 .5% and the core dimension of 4u/n x 4u,m, and the arrayed 
waveguide grating as shown in Fig. 1 B was fabricated using the multilayer structure core. The slab waveguides 112 
of the arrayed waveguide grating was formed in the same layer structure as the single-mode waveguide. To set the 

45 magnitude |B S | of the birefringence due to the multilayer structure at 2.3 x 1 0" 4 : the relative refractive index difference 
A h layer thicknesses tj and the numbers of layers Nj of the individual layers were set at the following values from 
equations (1)-(3) and correction coefficients c, = 0.8 and c 2 = 0. The correction coefficients c 1 and c 2 were those 
obtained in the embodiment 1. 

first core layer 703a, A 1 = 2.25%, t 1 = 0.56p.m. Nj = 5 

50 second core layer 703b, A 2 = 0%, t 2 = 0.30u.m, N 2 - 4 

[0106] The fabricating process of the waveguide was the same as that of the first embodiment. 
[01 07] It is seen from the transmission spectra of the arrayed waveguide grating fabricated that the wavelength shift 
of the TE mode is -0.02 nm which is greater than that of the TM mode, and that the birefringence can be reduced to 2 
x 1 0* 5 . In addition, the connection loss with an ordinary optical fiber is less than that of the conventional structure by 

55 0.2 dB. 

[0108] Although the coefficients c, and c 2 obtained in the first embodiment are used for the correction here, the 
Mach-Zehnder interferometer as shown in Fig. 1A was fabricated using the following three types of the multilayer 
structures as in the embodiment 1 , and the correction coefficients c 1 and c 2 were estimated from their transmission 



13 



EP 1 219 983 A2 



spectra. The number of layers N 1 of the first core layer was made five, the number of layers N 2 of the second core 
layer four, and hence the total number of the layers was nine. 

1) first core layer 703a, A 1 = 2.02%, t, = 0.60u.m second core layer 703b, = 0%, t 2 = 0.26u.m 

2) first core layer 703a, A t = 3.05%, t, = 0.39u,m second core layer 703b, A 2 = 0%, t> = 0.51u.m 

3) first core layer 703a, A 1 = 5.13%, X, = 0.23u,m second core layer 703b, A 2 = 0%, t, = 0.72u.m 

[0109] lnFig.9 s solidtnanglesrepresentthemagnitudeofthegeometricalbirefringence|B s | of the multilayer structure 
estimated from the transmission spectra of the Mach-Zehnder interferometer fabricated. Comparing the result with 
equations (1 )-(3), c 1 is estimated at 078, and c 2 at 3 x 1 0" 5 . The calculation result by equations (1 )-(3) is represented 
by the broken line in Fig. 9. These values are nearly the same as the values c, = 0.8 and c 2 = 0 which are estimated 
in the first embodiment. At A 1 = 2.25% of the present embodiment, the value (BJ estimated by the calculation is 2.5 
x 10* 4 , which corresponds to the wavelength shift of the arrayed waveguide grating fabricated. 
[01 1 0] Thus, as for the single-mode waveguide structures with different average relative refractive index difference 
and dimensions, when considering the effect of fabrication error, it is preferable to estimate the correction coefficients 
c 1 and c 2 in the procedure 1). When the degree of the confinement is nearly the same (about the same V parameters) 
as in the first embodiment and the present embodiment, the birefringence of the waveguide can be sufficiently reduced 
even though the values already estimated are used. Thus, it is seen that the polarization dependence of the optical 
waveguide circuit can be almost eliminated. 

[EMBODIMENT 4] 

[01 1 1 ] The fourth embodiment in accordance with the present invention is characterized in that the cladding is formed 
using silica-based glass, the magnitude of the waveguide birefringence |B 0 | of which is 1 .1 x 10-* about half that of 
the third embodiment, the waveguide birefringence being that of the conventional core structure. In addition, the relative 
refractive index difference A 2 of the second core layer 703b is made nonzero. 

[0112] The multilayer structure core 703 as shown in Fig. 7, a single-mode waveguide, was formed such that it had 
the average relative refractive index difference A ave of 1 .5% and the core dimension of 4um x 4u.m, and the arrayed 
waveguide grating as shown in Fig. 1 B was fabricated using the single-mode waveguide. The slab waveguides 1 1 2 of 
the arrayed waveguide grating were formed in the same layer structure as the single-mode waveguide described below. 
To set the magnitude |B S | of the birefringence due to the multilayer structure at 1 .2 x 1 0" 4 , the relative refractive index 
differences A if layer thicknesses tj and the numbers of layers Nj of the individual layers were set at the following values 
from equations (1 )-(3) in which the correction coefficients were placed at c n = 0.8 and c 2 = 0. The correction coefficients 
c 1 and were those obtained in the embodiment 1 . 

first core layer 703a, A 1 = 1.91%, t, = 0.42u.m, N 1 = 7 

second core layer 703b, A 2 = 0.37%, t 2 = 0.18ujti, N 2 = 6 
[0113] The fabricating process of the waveguide was the same as that of the first embodiment. 
[01 14] It is seen from the transmission spectra of the arrayed waveguide grating fabricated that the wavelength shift 
is 0.01 nm, and that the birefringence can be reduced to 1 x 10" 5 . Thus, it is seen that the birefringence can be reduced 
regardless of the magnitude |B 0 | of the waveguide birefringence in the conventional core structure. In addition, the 
multilayer structure different from that of the third embodiment can be selected. 

[EMBODIMENT 5] 

[0115] The fifth embodiment in accordance with the present invention is characterized in that three types of layers 
with different relative refractive index differences are stacked alternately to form a multilayer core structure. 
[0116] Fig. 13 is a cross-sectional view of a single-mode waveguide of the present embodiment. It employs a silicon 
substrate as a substrate 1 301 , and silica-based glass as a cladding 1 302 and a core 1 303. The core 1 303 is composed 
of first core layers 1303a, second core layers 1303b, and third core layers 1303c. Specifically, it has a structure in 
which these layers are stacked over the substrate in the order of the first core layer 1303a, second core layer 1303b, 
third core layer 1 303c, first core layer 1 303a, second core layer 1 303b, third core layer 1 303c, second core layer 1 303b 
with half the thickness, first core layer 1303a, second core layer 1103b with half the thickness, third core layer 1103c, 
second core layer 1303b, first core layer 1303a, third core layer 1303c, second core layer 1303b, and first core layer 
1 303a. The individual layers are stacked symmetrically with respect to the center layer of the core. 
[0117] Four types of Mach-Zehnder interferometers with the following thicknesses are fabricated to confirm that the 
multilayer structure can be designed using equations (1 )-(3) in which the correction coefficients are placed at c 1 = 0.8 
and c 2 = 0, under the conditions that the average relative refractive index difference A ave of the core is 0.75%, the core 
dimension is 6u.m x 6u.m, the relative refractive index difference A 1 of the first core layer 1303a is 3%, the relative 
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refractive index difference A 2 of the second core layer 1 303b is 0.75%, and the relative refractive index difference A 3 
of the third core layer 1 303c is 0%. The fabricating process of the waveguide is the same as that of the first embodiment. 

1) first core layer 1303a, A 1 ~ 3.0%, t 1 = 0.11 u.m 

5 second core layer 1303b, A 2 = 0.75%, t 2 = 0.76u,m 

third core layer 1303c, A 3 = 0%, t 3 = 0.42ujti 

2) first core layer 1303a, A-, = 3.0%, tj = 0.16u.m 

second core layer 1303b, A 2 = 0.75%, t 2 = 0.56jxm 

third core layer 1303c, A 3 = 0%, t 3 = 0.60u.m 
w 3) first core layer 1303a, A 1 = 3.0%, t, = 0.20u.m 

second core layer 1303b, A 2 = 0.75%, t 2 = 0.37u.m 

third core layer 1303c, A 3 = 0%, t 3 = 0.79u.m 
4) first core layer 1303a, A 1 = 3.0%, tj = 0.25u.m 

second core layer 1303b, A 2 = 0.75%, t 2 = 0.17jj.m 
15 third core layer 1303c, A 3 = 0%, t 3 = 0.97p.m 

[0118] The geometrical birefringence due to the multilayer structure |B S | was estimated from the wavelength shift 
obtained from the transmission spectra of the Mach-Zehnder interferometer fabricated. In Fig. 14, closed circles are 
the values |B S | plotted against the thickness t 1 of the first core layer. The solid line is a result of the calculation using 
20 equations (1)-(3) in which the correction coefficients are placed at c 1 = 0.8 and = 0, which matches well with the 
values |B S | estimated from the wavelength shift. 

[0119] Using it, the thicknesses of the individual layers at which the geometrical birefringence due to the multilayer 
structure |B S | became 2.3 x 10* 4 were set as follows using equations (1)-(3) in which the correction coefficients were 
placed at c 1 = 0.8 and c 2 = 0, and the arrayed waveguide grating as shown in Fig. 1B was fabricated. The slab 

25 waveguides 11 2 of the arrayed waveguide grating were formed in the same layer structure as that of the single-mode 
waveguide described below. The fabricating process was the same as that of the first embodiment, 
first core layer 1303a, A 1 = 3%, t-, = 0.17u.m, N-, = 5 
second core layer 1303b, A2 = 0.75%, t 2 = 0.51 u.m, N 2 = 6 
(thickness of second core layer 1303b with half 

30 ... thickness is 0.26u.m, and N 2 = 6 includes two layers with half thickness) 

third core layer 1303c, A 3 = 0%, t 3 = 0.65u.m, N 3 = 4 
[0120] It was confirmed from the transmission spectra of the arrayed waveguide grating fabricated that the wave- 
length shift was 0.01 nm, and the birefringence could be reduced to 1 x 10 5 , and that the optical waveguide circuit 
with its polarization dependence eliminated could be implemented by alternately stacking the layers with different three 

35 relative refractive index differences. 

[0121] Constructing the multilayer structure by alternately stacking the three types of layers with different relative 
refractive index differences can increase the flexibility of selecting the film thicknesses and relative refractive index 
differences than in the multilayer structure formed by stacking two types of layers with different relative refractive index 
differences. The average relative refractive index difference of the core and the geometrical birefringence |B S | due to 

40 the multilayer structure are mainly determined by the relative refractive index differences and thicknesses of the layers 
constituting the multilayer structure. Here, the number of layers is assumed to be fixed. 

[0122] The parameters, which define the multilayer structure composed of two types of alternate layers, consist of 
two relative refractive index differences and two film thicknesses. When one of the four parameters is determined, the 
other three parameters are determined automatically because the average relative refractive index difference and the 
45 geometrical birefringence |B S | have been determined. On the other hand, as for the multilayer structure composed of 
three types of alternate layers, there are six types of parameters that define it. Thus, deciding three of the parameters 
determines the other three parameters because the average relative refractive index difference and |B S | have been 
determined. 

[0123] Therefore, as for the two types of alternate layers, for example, since the relative refractive index difference 
50 of the second core layers is set at first as in the first to fourth embodiments, the relative refractive index difference of 
the first core layers, the thickness of thefirst core layers and that of the second core layers are determined automatically. 
In contrast, as for the three types of alternate layers as in the present embodiment, determining the relative refractive 
index differences of the individual layers will automatically determine the thicknesses of the individual layers. Accord- 
ingly, the relative refractive index differences are selectable appropriately. When there is a parameter the fabrication 
55 accuracy of which is difficult to achieve as in the case where only three relative refractive index differences of the 
present embodiment are applicable, only if the film thicknesses are formed at high accuracy, appropriate geometrical 
birefringence can be implemented, thereby reducing the birefringence. 

[0124] Another advantage of the multilayer structure composed of the three types of alternate layers is that it can 
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bring about photorefractive effect efficiently in the silica-based optical waveguide. This is because the silica-based 
glass heavily doped with Ge0 2 can achieve high photorefractive index, and the multilayer structure composed of three 
types of alternate layers can achieve layers that are heavily doped with Ge0 2 more easily than the multilayer structure 
composed of the two types of layers. The advantage increases with the number of types of the alternate layers. 

[EMBODIMENT 6] 



[01 25] The sixth embodiment in accordance with the present invention is characterized in that it uses a silica substrate 
as a substrate 1501, and that the multilayer structure is composed of parallel layers which are perpendicular to the 
surface of the substrate as shown in the cross section of the single-mode waveguide in Fig. 15. A cladding 1502 and 
a core 1503 are composed of silica-based glass. The core 1503 has a multilayer structure composed of a first core 
layers 1503a and a second core layers 1503b, in which the layers perpendicular to the surface of the substrate are 
stacked alternately in the direction parallel to the surface of the substrate. Thus, the layers are approximately parallel 
to the traveling direction of light. In other words, they are nearly parallel to the side surface of the optical waveguide. 
[0126] When fabricating on a silica substrate an optical waveguide which has the conventional structure as shown 
in Fig. 2, the effective refractive index of the TM mode becomes smaller than that of the TE mode reversely to the 
foregoing embodiments, and the birefringence value B 0 becomes a negative value -2.1x1 0" 4 . This is due to the tensile 
stress imposed on the optical waveguide. As for the transmission spectra of the arrayed waveguide grating as shown 
in Fig. 1B, the transmission spectrum of the TE mode shifts to the longer wavelength side compared with that of the 
TM mode. Therefore, to reduce the waveguide birefringence, the core 1503 is provided with the multilayer structure 
that is composed of the layers which are perpendicular to the surface of the substrate and stacked in the direction 
parallel to the substrate, and that provides geometrical birefringence which will make the effective refractive index of 
the TM mode higher than that of the TE mode. 

[0127] The multilayer structure core 1503 as shown in Fig. 15 was formed such that it had the average relative 
refractive index difference A ave of 0.75% and the core dimension of 6ujti x 6um To set the magnitude |B S | of the 
birefringence due to the multilayer structure at 2.1 x 1 the relative refractive index differences A,, layer thicknesses 
tj and the numbers of layers N t of the individual layers were set at the following values from equations (1)-(3) in which 
the correction coefficients were placed at Cl = 0.8 and c 2 = 0. The correction coefficients Cl and c 2 were those obtained 
in the embodiment 1. In addition, the arrayed waveguide grating as shown in Fig. 1B was fabricated. The slab 
waveguides 112 of the arrayed waveguide grating were formed in the same layer structure as the single-mode 
waveguide described below, and the layers were formed approximately in parallel with the direction connecting the 
center of the input/output waveguides and the center of the waveguide array. 

first core layers 1 503a, = 2.0%, ^ = 0.75u.m, N 1 = 3 

second core layers 1503b, A 2 = 0%, t> = 1 .88ujti, N 2 = 2 
[01 28] Figs. 1 6A, 1 6B and 1 6C are process diagrams illustrating steps of fabricating the waveguide of the present 
embodiment. First, as shown in Fig. 1 6A, a silica substrate was used as a substrate 1601, and then a glass particle 
layer for an under-cladding 1 602 and a glass particle layer for a first core layers 1 604a were deposited on the substrate 
1601 by the flame hydrolysis deposition, followed by consolidation in an electric furnace. Subsequently, as shown in 
Fig. 1 6B, strip-like first core layers 1 604a were formed by removing unnecessary portions of the first core layer film 
1 603 by the reactive ion etching. Next, as shown in Fig. 1 6C } an over-cladding 1 605 was formed which had a refractive 
index equal to that of the under-cladding 1 602 in such a manner that it covered the first core layers 1 604a. To form the 
over-cladding 1 605, a glass particle layer was deposited again by the flame hydrolysis deposition, followed by heating 
in the electric furnace. By forming the over-cladding 1 605, the strip-like first core layers 1 604a were buried. Thus, the 
second core layers 1604b were formed, thereby forming the core 1604 with a multilayer structure. 
[0129] It is found from the transmission spectra of the arrayed waveguide grating fabricated that the wavelength shift 
of the TE mode is 0.05 nm with respect to the TM mode, that the birefringence can be reduced to about 5 x 10-* 
regardless of the sign of the birefringence, and that the polarization dependence of the optical waveguide circuit can 
be reduced. 

[01 30] Although the multilayer structure is applied to the structure that comprises the cladding between the substrate 
1501 and the core 1503 as shown in Fig. 15 in the present embodiment, since the substrate consists of the silica 
substrate, the multilayer structure is also applicable to the structure as shown in Fig. 17, which uses the substrate as 
the cladding. 



[EMBODIMENT 7] 

[0131] The seventh embodiment in accordance with the present invention has a graded-index multilayer structure, 
the refractive index of which increases from the end layers of the core at the cladding side to the central layer of the 
core. Fig. 18 shows a cross section of a single-mode waveguide of the present embodiment with a graded-index 
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multilayer structure. Its substrate 1801 consists of a silicon, and its cladding 1802 and core 1803 are composed of 
silica-based glass. The core 1803 has a multilayer structure with five layers in total, in which first core layers 1803a 
and second core layers 1803b are disposed symmetrically on both side of a third core layer 1803c, the central core 
layer. Their refractive indices increase in the progressive order of the first core layers 1 803a, second core layers 1 803b, 
5 and third core layer 1 803c. 

[0132] The arrayed waveguide grating as shown in Fig. 1B was fabricated in the following setting in two types of 
structures, the average relative refractive index differences Aa Ve of which were 0.75% and 1 .5%, respectively. The slab 
waveguides 1 1 2 of the arrayed waveguide grating were formed in the same layer structure as that of the single-mode 
waveguide. 

10 [0133] As for the multilayer structure core 1803 with the average relative refractive index difference A ave of 0.75%, 
the core dimension was made 6ujn x 6u,m, and the individual layers were formed as follows: 

first core layers 1803a, A 1 = 0.45%, t, = 1 .Ou,m 
second core layers 1 803b, A 2 = 0.75%, t 2 = 1 .2um 
15 third core layer 1803c, A 3 = 1 .1%, t 3 = 1 .6u.m 

As for the multilayer structure core 1803 with the average relative refractive index difference A ave of 1.5%, the core 
dimension was made 4ujti x 4u.m, and the individual layers were formed as follows: 

20 first core layers 1 803a, A t = 1.1%, t t = 0.8ujti 

second core layers 1 803b, A 2 = 1 .5%, t 2 = 0.9u,m 
third core layer 1803c, A 3 = 2.0%, t 3 = 1 .1fim 

[0134] The fabricating process was the same as that of the first embodiment. The cladding was formed by silica- 
25 based glass, the magnitude |B 0 | of the waveguide birefringence of which was 1.1 x 10" 4 in the conventional core 
structure as in the fourth embodiment. 

[0135] It was confirmed from the transmission spectra of the arrayed waveguide grating fabricated that the wave- 
length shift was 0.02 nm for the average relative refractive index difference A^ of 0.75%, and 0.01 nm for the average 
relative refractive index difference A ave of 1 .5%, that the birefringence |B e | could be reduced to 2 x 1 0" 5 and 1 X 1 0' 5 , 
30 respectively, that the waveguide birefringence could be reduced even in the graded-index layer structure, and that the 
polarization dependence of the optical waveguide circuit could be reduced. 

[0136] The magnitude |BJ of the geometrical birefringence due to the multilayer structure, which was estimated by 
the mode solver, was 2.2 x 1 0' 5 for the average relative refractive index difference A ave of 0.75%, and 6.3 x 1 0' 5 for 
the average relative refractive index difference A ave of 1 .5%. They are nearly less than half the value of |B 0 | = 1.1 x 

35 1 0" 4 in the conventional structure. The reason for this is assumed that the graded-index structure enhances the electric 
field distribution around the center of the third core layer, and that the birefringence near the center of the core is 
reduced because of remarkable stress distribution in the core due to the graded-index structure. When stacking the 
core layers with different refractive indices alternately, the light perceives the average value of the birefringence dis- 
tribution due to the stress, and its magnitude is about the same as the waveguide birefringence of the conventional 

40 optical waveguides structure. Accordingly, the correction by only the correction coefficient c, can establish equation 
(1) as in the foregoing embodiments. 

[0137] The birefringence occurring other than the magnitude |B S | of the geometrical birefringence obtained by the 
mode solver is 7 x 1 0' 5 for the average relative refractive index difference A ave of 0.75% : and 4 x 1 0" 5 for the average 
relative refractive index difference A^ of 1 .5% according to the magnitude |B 0 | of the waveguide birefringence of the 
45 conventional core structure, the magnitude |B S | of the geometrical birefringence obtained by the mode solver, and the 
birefringence | B e | estimated from the transmission spectra of the arrayed waveguide grating fabricated. When adjusting 
. in the neighborhood of the foregoing setting for further improvement, the correction coefficients c 1 and C2 of equations 
(1)-(3) should be placed at c 1 = 1.15 and = 7 x 10' 5 , or c 1 = 2.52 and Cg = 4 x 10-5 

so [EMBODIMENT 8] 

[0138] The eighth embodiment in accordance with the present invention is an optical waveguide circuit that applies 
the multilayer structure, which is composed of two types of layers with different relative refractive index differences 
stacked alternately as shown in Fig. 7, to a multi-mode waveguide 1902, an optical interference section of an MMI 
55 1901 which is an optical coupler as shown in Fig. 19. 

[0139] Although the coupling ratio of the MMI 1901 is less affected by fabrication error than that of a directional 
coupler, the MMI has a greater excess loss. In addition, when it has waveguide birefringence, the excess loss has 
polarization dependence. 
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[0140] In the present embodiment, the average relative refractive index difference A ave of the core was set 0.75%, 
the core height was set 6u.m, the core width of a multi-mode waveguide 1902 was set 24nm, and the core width of 
input and output waveguides 1 903 and 1 904 was set 6um. The relative refractive index differences A,, layer thicknesses 
tj and the numbers of layers Nj of the individual layers were set as follows by the mode solver so that the magnitude 
|B S | of the birefringence due to the multilayer structure became 5 x 10* The value of IBJ was estimated by BPM 
(beam propagation method) from the polarization dependence of the excess loss of the MM1 1 901 with the conventional 
waveguide structure. In addition, the correction coefficients of equation (1) were estimated as c, = 0.97 and c 2 = 0 
from the result of the mode solver. The length of the multi-mode waveguide 1 902 in the traveling direction of light was 
set 1 .4 mm and 1 .45 mm, thereby providing two types of MMIs. 

first core layers 703a, A 1 = 3.1%, t 1 = 0.28u,m, N 1 = 5 

second core layers 703b, ^ = 0%, tg = 1 .1 5um, N 2 = 4 
[0141] The fabricating process was the same as that of the first embodiment. 

[0142] Although the excess loss differences (at wavelength 1 .55jxm) due to the polarization of the MM1 1901 at the 
lengths of 1 .4 mm and 1 .45 mm of the multi-mode waveguide 1 902 in the traveling direction of light were 0.1 dB and 
0.4 dB in the conventional core structure, those of the present embodiment were both reduced to 0.02 dB thanks to 
the multilayer structure. Thus, it was confirmed that the multilayer structure of the multi-mode waveguide core could 
reduce polarization dependence of the optical waveguide circuit. 

[0143] To fabricate the Mach-Zehnder interferometer 101 as shown in Fig. 1A using the MM I 1901 instead of the 
directional coupler 102, since the optical waveguides 103 and MMI 1901 have different birefringence, il is preferable 
that the optical waveguides 1 03 utilize the multilayer structure of the first embodiment, and the MMI 1 901 employs the 
multilayer structure of the present embodiment. As for the fabrication process, the multi-mode waveguide core is fab- 
ricated first according to the process of the present embodiment, followed by the fabrication of the single-mode 
waveguides according to the first embodiment. When forming the core layers of the single-mode waveguide, they are 
also formed on the multi-mode waveguide core. However, they can be removed afterward at the same time when 
forming the core ridge by processing the core layer. The characteristics of the Mach-Zehnder interferometer thus fab- 
ricated were obtained from the transmission spectra: the wavelength shift was 0.01 nm, and the loss difference between 
the TE mode and TM mode at the peak wavelengths was less than 0.03 dB. Thus, it was confirmed that the polarization 
dependence of the optical waveguide circuit could be eliminated by forming appropriate multilayer structures in the 
optical waveguides with the different birefringence. 

[0144] Although the present embodiment implements the single-mode waveguides and the multi-mode waveguide 
with different multilayer structures, this is not essential. For example, it is possible to fabricate both the waveguide 
cores with the multilayer structure of the multi-mode waveguide, and to insert a U2 waveplate into the optical 
waveguides 1 03. With this configuration, the wavelength shift was reduced to 0.005 nm, and the loss difference between 
the TE mode and TM mode at the peak wavelengths was less than 0.03 dB. 

[0145] In addition to the foregoing embodiments, it is possible for the present invention to adjust the average relative 
refractive index difference, dimension, and the birefringence value due to the multilayer structure of the core by the 
relative refractive index differences, thicknesses and the numbers of layers of the individual layers. Thus, the present 
invention is not limited to the average relative refractive index difference, dimension and the birefringence value due 
to the multilayer structure of the core, or to the refractive indices, thicknesses and the numbers of layers of the individual 
layers of the core portions of the foregoing embodiments. 

[0146] The single-mode waveguide in accordance with the present invention includes a pseudo-single-mode 
waveguide that consists of a waveguide with two modes or so, and functions almost like a single-mode waveguide in 
a circuit. 

[0147] In addition, although the foregoing embodiments employ the Mach-Zehnder interferometer, arrayed 
waveguide grating, and optical waveguide circuit using a single MMI, this is not essential. For example, the embodi- 
ments are applicable to any optical circuits such as a ring oscillator that can be configured using the optical waveguides. 
[0148] In addition, although the foregoing embodiments set the geometrical birefringence value |B S | due to the mul- 
tilayer structure at a value nearly equal to the magnitude |B 0 | of the waveguide birefringence in the core structure, the 
birefringence can be reduced as compared with that of the conventional device as long as the geometrical birefringence 
value |B S | is less than twice the |B 0 j . In addition, the Mach-Zehnder interferometer and arrayed waveguide grating of 
the foregoing embodiments can limit the loss fluctuations due to polarization within about 0.1 dB by reducing the bire- 
fringence to less than about 5 x 1 0" 5 . 

[0149] Although it is described in the second and third embodiments that the connection loss with the optical fiber 
is less than that of the conventional examples, the connection loss with the optical fiber is also reduced in the other 
embodiments when the number of layers is small. The excess losses of the optical circuits fabricated do not increase 
as compared with the conventional examples, and selecting the number of layers appropriately makes it possible to 
bring the spot size of light traveling the input/output waveguides to that of the optical fiber without impairing the circuit 
characteristics, thereby reducing the connection loss with the optical fiber. 
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[01 50] Although the cladding and core are formed by the flame hydrolysis deposition in the foregoing embodiments, 
other fabrication methods that can form the multilayer structure composed of silica glass are also applicable. For ex- 
ample, they can be formed by ECR-CVD (Electron Cyclotron Resonance-Chemical Vapor Deposition), sputtering meth- 
od or plasma CVD, resulting in the reduction or elimination of the waveguide birefringence. In addition, although Ge0 2 
5 is used to adjust the refractive indices, other dopants such as Ti0 2 are applicable as long as they can set the refractive 
indices at desired values. In addition, although they employ silica-based glass as a material of the waveguides, other 
materials such as glass family materials and polymer materials are also applicable as long as they can form multilayer 
structure composed of layers with different refractive indices. 

[01 51 ] Although the foregoing embodiments reduce the waveguide birefringence occurring in the conventional struc- 
10 tures by means of the multilayer structure only, they can also be combined with the conventional reduction methods 
of the birefringence of the waveguide described in the conventional techniques, which adjust the dopant material and 
doping amount of the claddings covering the cores. 

[01 52] The following embodiments 9-1 6 mainly handle the multilayer structure core for reducing the waveguide bi- 
refringence of the slab waveguide. 

15 

[EMBODIMENT 9] 

[01 53] Figs. 20A and 20B are cross-sectional views showing the ninth embodiment of the optical waveguide circuit 
in accordance with the present invention: Fig. 20A is a cross-sectional view of a slab waveguide; and Fig. 20B is a 
20 cross-sectional view of a single-mode waveguide. A substrate 2001 consists of a silicon substrate, and a cladding 

2002 and cores 2003 and 2004 are composed of silica-based glass. The core (slab waveguide) 2003 has a multilayer 
structure composed of first core layers 2003a and second core layers 2003b which are parallel to the surface of the 
substrate, and are stacked in the direction perpendicular to the substrate. Likewise, the core 2004 (single-mode 
waveguide) has a multilayer structure composed of first core layers 2004a and second core layers 2004b which are 

25 parallel to the surface of the substrate, and are stacked in the direction perpendicular to the substrate. 

[01 54] The relative refractive index differences, layer thicknesses, and the numbers of layers of the first core layers 
2003a and 2004a and second core layers 2003b and 2004b were obtained by the mode solver of the waveguides such 
that the average relative refractive index difference of the cores 2003 and 2004 was set 0.75%, their core thickness 
was set 6umi (the waveguide width of the core 2004 was 6\im), the geometrical birefringence B due to the multilayer 

30 structure value was set -9 x 10" 4 (-7 x 10r 4 on a single-mode waveguide basis). Here, the average relative refractive 
index difference is the areal average of the relative refractive index differences of the individual core layers, which is 
given by equations (2) and (3). 

[01 55] The relative refractive index difference Aj, layer thickness t h and the number of layers N, (i = 1 and 2) of each 
layer used in the present embodiment are: 
35 ;rr 

first core layers 2003a and 2004a: 

A 1 = 4.4% : tj = 0.15u,m, = 7, 
second core layers 2003b and 2004b: 
Ag = 0%, t 2 = 0.83u.m, N 2 = 6. 

40 

[0156] The slab waveguide of the present embodiment was fabricated as follows. On a substrate 2001 composed 
of a silicon substrate, a silica-based under-cladding layer (cladding under the core) and a core layer were formed by 
the flame hydrolysis deposition. The core layer was composed of the first core layers and second core layers stacked 
alternately. The first core layers were doped with Ge0 2 of 44 mol% to increase the refractive indices, and with trace 
45 amounts of B 2 O a and P 2 O s to reduce the consolidation temperature. Subsequently, unnecessary portions of the core 
layers were removed by the reactive ion etching, thereby forming the core ridges 2003 and 2004. After that, over- 
claddings with the same refractive indices as that of the under-claddings were formed such that they cover the cores 

2003 and 2004 by the flame hydrolysis deposition. The cladding 2002 consists of the under-cladding and the over- 
cladding. 

50 [0157] Using slab waveguides and single-mode waveguides with the multilayer structure, the arrayed waveguide 
grating 111 as shown in Fig. 1B was fabricated. Specifically, the slab waveguides 112 were formed using the slab 
waveguide with the foregoing multilayer structure, and the waveguide array 113, input waveguide 114 and output 
waveguide 115 were formed using the single-mode waveguide with the foregoing multilayer structure. 
[0158] Fig. 21 illustrates the wavelength shift of the TM mode with respect to the TE mode of the individual output 

55 ports of the arrayed waveguide grating 111 fabricated. Because of the waveguide array 113 with the multilayer structure, 
the wavelength shift becomes about -0.51 nm, but the variations between the output ports are reduced to about 0.004 
nm, 1/5 of 0.02 nm of the conventional examples. Thus, it is confirmed that the waveguide birefringence of the slab 
waveguide is reduced. 
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[0159] The arrayed waveguide grating 111 was provided with a half waveplate such that it crossed the waveguide 
array 113 perpendicularly. The wavelength shift at the individual output ports was within ±0.003 nm (the variations 
between the output ports was about 0.004 nm). which means that the reduction limit of the polarization dependence 
can be reduced from ±0.01 nm of the conventional examples. 

[EMBODIMENT 10] 

[0160] The 1 0th embodiment in accordance with the present invention increases the relative refractive index differ- 
ence A of the core of the ninth embodiment from 0.75% to 1.5%. Increasing the relative refractive index difference 
makes it possible to reduce the radius of curvature of the single-mode waveguide, thereby offering an advantage of 
being able to reduce the size of the optical circuit. However, since the connection loss with an ordinary optical fiber 
increases, it is necessary to apply a spot size conversion technique at the input and output waveguide sections. 
[0161] The relative refractive index differences, layer thicknesses, and the numbers of layers of the first core layers 
2003a and 2004a and second core layers 2003b and 2004b were obtained by the mode solver of the waveguides such 
that the average relative refractive index difference of the cores 2003 and 2004 became 1.5%, the core thickness 
became 4um (where the waveguide width of the core 2004 was 4u.m), the geometrical birefringence B due to the 
multilayer structure value became -5 x 1 rj-l The geometrical birefringence B was made smaller than that of the ninth 
embodiment because the birefringence value of the slab waveguide with the conventional structure increased with an 
increase in the relative refractive index difference A. 

[0162] The relative refractive index differences A j; layer thicknesses t,, and the numbers of layers Nj (where i = 1 and 
2) of the individual layers used in the present embodiment were as follows: 

first core layers 2003a and 2004a: 

A 1 = 2.7% : t, = 0.58u.m, N 1 = 4 
second core layers 2003b and 2004b: 

Ag = 0%, t 2 = 0.57^m, N 2 = 3. 

[0163] The slab waveguide of the present embodiment was fabricated in the same fashion as that of the ninth em- 
bodiment, and the first core was doped with Ge0 2 of 27 mol% to increase the refractive index. 
[01 64] Using the slab waveguides and single-mode waveguides with the multilayer structure, the arrayed waveguide 
grating 111 with the circuit configuration as shown in Fig. 1B was fabricated as in the ninth embodiment. After that, a 
half waveplate was inserted into the arrayed waveguide grating 111 such that it crossed the waveguide array 113 
perpendicularly. The wavelength shift amount of the TM mode with respect to the TE mode at the individual output 
ports was within ±0.005 nm (the variations between the output ports was 0.00 5nm). Thus, it was confirmed that the 
present embodiment can reduce the wavelength shift amount from that of the conventional examples as in the ninth 
embodiment. 

[EMBODIMENT 11] 

[0165] Figs. 22A and 22B are cross-sectional views showing an 11th embodiment of the slab waveguide in accord- 
ance with the present invention: Fig. 22A is a cross-sectional view of a slab waveguide; and Fig. 22B is a cross-sectional 
view of a single-mode waveguide. A substrate 2201 is a silica substrate, and a cladding 2202 and cores 2203 and 
2204 are composed of silica glass. The core (slab waveguide) 2203 has a multilayer structure composed of first core 
layers 2203a and second core layers 2203b formed in the direction perpendicular to the substrate (usually, several 
hundred layers to several thousand layers). Likewise the core (single-mode waveguide) 2204 has a multilayer structure 
composed of first core layers 2204a and second core layers 2204b formed in the direction perpendicular to the substrate 
(usually, several layers to dozens of layers). 

[01 66] The refractive indices and layer thicknesses of the first core layers 2203a and 2204a and second core layers 
2203b and 2204b were obtained by the mode solver of the waveguide such that the average relative refractive index 
difference of the cores 2203 and 2204 became 0.75%, their core thickness became 6u,m (where, the waveguide width 
of the core 2204 was 6p.m), and the geometrical birefringence value B due to the multilayer structure was made -9 x 
1 0" 4 (-7 x 1 0 -4 in a single-mode waveguide basis). 

[0167] The relative refractive index differences A, and layer thicknesses t } (where i = 1 and 2) of the individual layers 
employed in the present embodiment were as follows: 

first core layers 2203a and 2204a: A 1 = 4.9%, t 1 = 0.23|am 
second core layers 2203b and 2204b: A 2 = 0%, t 2 = 1 .69um. 
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[0168] The slab waveguide of the present embodiment was fabricated as follows. On the substrate 2201 composed 
of a silica substrate, the core layers corresponding to the first core layers 2203a and 2204a were formed by the flame 
hydrolysis deposition. The first core layers 2203a and 2204a were doped with Ge0 2 of 49 mol% to increase the re- 
fractive indices. After removing the portions corresponding to the second core layers by the reactive ion etching, the 

5 claddings were formed such that they cover the strip-like first core layers 2203a and 2204a by the flame hydrolysis 
deposition. The second core layers 2203b and 2204b were formed simultaneously with the claddings 2202. 
[0169] In this case, interfaces of the first core layers and second core layers constituting the cores were made ap- 
proximately parallel with a line segment connecting the centers of the input and output ends in the case of the slab 
waveguide. On the other hand, as for the single-mode waveguide : they were provided in the direction approximately 

10 parallel to the direction of the traveling light, that is, in the direction along the waveguide. 

[01 70] Using the slab waveguides and single-mode waveguides with the multilayer structure, the arrayed waveguide 
grating 111 as shown in Fig. 1 B was fabricated. Specifically, the slab waveguides 112 were fabricated using the slab 
waveguide with the foregoing multilayer structure, and the waveguide array 113, input waveguide 114, output 
waveguide 115 were fabricated using the single-mode waveguide with the foregoing multilayer structure. After that, a 

15 half waveplate was inserted into the waveguide array 113 such that it crossed the array perpendicularly. 

[0171] The wavelength shift of the TM mode with respect to the TE mode at the individual output ports was within 
±0.006 nm (the variations between the output ports were about 0.005 nm). Thus, the reduction limit of the polarization 
dependence can be reduced from the conventional value of ±0.01 nm. 

[0172] Incidentally, although the cores 2203 and 2204 are formed directly on the substrate 2201 in the present em- 
20 bodiment, they can be formed on the under-claddings as in the ninth and 1 0th embodiments. 

[EMBODIMENT 12] 

[0173] The 12th embodiment in accordance with the present invention is characterized in that the multilayer structure 

25 of the core of the waveguide array 113 of the arrayed waveguide grating 111 as shown in Fig. 1B described in the ninth 
embodiment has a multilayer structure with geometrical birefringence smaller than that of the slab waveguides 11 2. 
[0174] The relative refractive index differences Aj, layer thicknesses \ x and the numbers of layers N } (where i = 1 and 
2) of the first core layers and second core layers were determined as follows so that the geometrical birefringence 
value B of the multilayer structure of the core of the waveguide array 113 became -2.3 x 1 0" 4 . 

30 first core layers: = 2%, t, = 0.45uin, N 1 = 5 

second core layers: A 2 = 0%, t 2 = 0.94ujti, N 2 = 4. 
[0175] : The arrayed waveguide grating 111 of the present embodiment is fabricated as follows. The under-cladding 
was formed on the silicon substrate by the flame hydrolysis deposition, on which the core layers for the waveguide 
array were formed with the foregoing parameters by the flame hydrolysis deposition. The first core layers were doped 

35 with Ge0 2 of 20 mold and with trace amounts of B 2 0 3 and P 2 O s . The core layers of the waveguide array corresponding 
to the portions at which the slab waveguides 1 1 2 were to be formed were removed by the reactive ion etching, followed 
by forming the core layers for the slab waveguides 112 with the same parameters as in the ninth embodiment by the 
flame hydrolysis deposition. Then, the core layers for the slab waveguides 112 formed on the core layers of the 
waveguide array were removed by the reactive ion etching. Thus, on the under-cladding were formed the core layers 

40 with the multilayer structures suitable for slab waveguide forming sections and single-mode waveguide forming sec- 
tions. 

[0176] Next, the unnecessary portions of the core layers were removed by the reactive ion etching to form the core 
ridges. After that, the over-claddings with the same refractive index as that of the under-cladding were formed by the 
flame hydrolysis deposition in such a manner that the over-ctaddings covered the core. 

45 [0177] The wavelength shift amounts of the TM mode with respect to the TM mode of the individual output ports of 
the arrayed waveguide grating 111 fabricated were less than 0.02 nm (the variations between the output ports were 
0.004 nm). Although its polarization dependence was slightly greater than that of the method using the half waveplate 
to reduce the polarization dependence , it can achieve small enough wavelength shift and variations between the output 
ports as compared with the wavelength shift of 0.2-0.3 nm (the variations between the output ports were 0.02 nm) 

50 obtained before applying the method of reducing the polarization dependence. 

[EMBODIMENT 13] 

[0178] The 13th embodiment in accordance with the present invention determines the multilayer structure of the slab 
55 waveguides of the ninth and 12th embodiments more precisely by equations (1)-(3), thereby reducing the variations 
in the wavelength shift of the arrayed waveguide grating. 

[0179] The relative refractive index differences A } and layer thicknesses t| (i = 1 and 2) of the first core layers 2003a 
and second core layers 2003b of the slab waveguide as shown in Fig. 20A were set by the following procedures. 
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[0180] Procedure 1 ) An optical circuit was fabricated using an appropriate multilayer structure. Then, from its char- 
acteristics, the geometrical birefringence value due to the multilayer structure was estimated. The correction coefficients 
c 1 and C2 were determined from the estimation results and equations (1 )-(3). 

[0181] Procedure 2) The relative refractive index differences Aj and layer thicknesses tj (i = 1 and 2) were determined 
from equations (1)-(3) such that the geometrical birefringence due to the multilayer structure became a predetermined 
value. As for the procedure 1), the mode solver can be used instead of fabricating the optical circuit as long as the 
multilayer structure has high fabricated accuracy, and no new birefringence such as stress-induced birefringence is 
added except for the geometrical birefringence due to the multilayer structure composed of stacked layers with different 
refractive indices. 

[0182] To determine the multilayer structure under the conditions that the average relative refractive index difference 
A ave of the core is 0.75%, and the core thickness is 6ujti, the arrayed waveguide grating as shown in Fig. 1B was 
fabricated in the procedure 1 ) in the form of three types, in which the relative refractive index differences Aj and layer 
thicknesses tj (i = 1 and 2) of the first core layers 2003a and second core layers 2003b were determined as follows. 
As for the number of layers, the total number of the layers was made 1 3, the number of first core layers N 1 was made 
seven, and the number of second core layers N2 was made six. 

1) first core layers 2003a : A 1 = 1 .0%, t 1 = 0.64u,m 

second core layers 2003b, A 2 = 0%, t 2 = 0.25jim 

2) first core layers 2003a : A 1 = 3.0%, t-, = 0.2u,m 

second core layers 2003b, A 2 = 0%, t 2 = 0.76jim 

3) first core layers 2003a : A-j = 5.1%, t-, = 0.12u,m 

second core layers 2003b, Ag = 0%, t 2 = 0.86p,m 

[0183] The slab waveguides and single-mode waveguides were formed in the same manner as those of the ninth 
embodiment, and the arrayed waveguide grating was fabricated. To increase the refractive indices, Ge0 2 was doped 
by an amount of 10 mol% per relative refractive index difference. 

[0184] To estimate the value B s of the waveguide birefringence due to the multilayer structure, the variations in the 
wavelength shift of the TM mode with respect to the TE mode were measured at the individual output ports of the 
fabricated arrayed waveguide grating. The birefringence value B e in the slab waveguides was estimated from the 
variations, and the value B s of the waveguide birefringence due to the multilayer structure was estimated by subtracting 
from the B e the waveguide birefringence value B 0 = 1.1 x 10" 3 of the conventional core structure. Here, the value B 0 
= 1 .1 x 10" 3 was a value reestimated from the wavelength shift of the ninth embodiment. Closed circles of Fig. 23 
represent the magnitude |B S | of the birefringence due to the multilayer structure plotted against the relative refractive 
index difference of the first core layers. The correction coefficients c 1 was set at one and at zero from the estimation 
result and equations (1)-(3). The solid line was calculated from the correction coefficients and equations (1)-(3). 
[0185] Next, in the procedure 2), the relative refractive index differences Aj and layer thicknesses tj (i = 1 and 2) of 
the first core layers 2003a and the second core layers 2003b at which |B S |= |B 0 | =1.1 x 10" 3 held were obtained from 
equations (1)-(3) in which correction coefficients was placed at one and c 2 at zero. From the solid line of Fig. 23 
obtained as the result of the calculation, it is seen that the relative refractive index difference A-, of the first core layers 
2003a at which |B S | = |B 0 | = 1.1 x 1 0" 3 holds is 5.5%, and the values t 1 and t 2 become as follows from equations (2) 
and (3). 

first core layers 2003a, A 1 = 5.5%, tj = O.Hjim, N 1 = 7 

second core layers 2003b, A 2 = 0%, t 2 = 0.87ujn, N 2 = 6 
[0186] Since the value |BJ varies as an approximate linear function of the value A-j as illustrated in Fig. 23, the value 
A n for the predetermined value B s can be determined by obtaining the value |BJ for a few points A-, , and by estimating 
an approximate line as a linear function of the value A 1 . 

[0187] The arrayed waveguide grating as shown in Fig. 1 B was fabricated using the slab waveguides with the mul- 
tilayer structure. After that, a half waveplate was inserted into the arrayed waveguide grating 111 such that it crossed 
the waveguide array 1 1 3 perpendicularly. The wavelength shift amounts of the TM mode with respect to the TE mode 
at the individual output ports were within ±0.002 nm (the variations between the output ports were 0.002 nm). 
[0188] As in the 12th embodiment, the multilayer structure that would place the geometrical birefringence value of 
the waveguide array 113 at -2.3 x 10~ 4 was fabricated in the conditions that the relative refractive index differences 
Ap layer thicknesses tj and the numbers of layers Nj (i = 1 and 2) of the first core layers and second core layers were 

first core A 1 = 2%, t, = 0.45ujn, N 1 = 5 

second core A 2 = 0%, t 2 = 0.94u,m, N 2 = 4. 
The wavelength shift amounts of the TM mode with respect to the TE mode at the individual output ports were within 
±0.008 nm (the variations between the output ports were 0.002 nm). 

[0189] The polarization dependence of the arrayed waveguide grating can be reduced by determining the multilayer 
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structure of the slab waveguides of the ninth and 12th embodiments more precisely by equations (1)-(3). 
[EMBODIMENT 14] 

5 [0190] The 14th embodiment in accordance with the present invention is configured such that it varies the number 
of layers of the core in the 13th embodiment in a range of about 1/3-2. 

[0191] As in the 13th embodiment, the multilayer structure of the slab waveguide core 2003 as shown in Fig. 20A 
has the average relative refractive index difference A ave of 0.75%, the core thickness of 6UJTI, the relative refractive 
index differences A 1 of the first core layers 2003a of 5.5%, and the relative refractive index differences A 2 of the second 
10 core layers 2003b of 0% (the magnitude |B S | of the birefringence due to the multilayer structure is 1 .1 x 1 0* 3 ). Ten 
types of the arrayed waveguide gratings as shown in Fig. 1 B were fabricated with varying the number of layers N 1 of 
the first core layers in a range of 2-1 1 . The number of layers N 2 of the second core was (N r 1). The layer thickness t n 
of the first core layers 2003a and the layer thickness tg of the second core layers 2003b were determined as follows:. 



15 


1)N 1 = 


2,t 1 = 


0.3911m, t 2 = 


5.22ujn 




2) N 1 = 


3,^ = 


0.26u.m, t 2 = 


2.61 nm 




3) N 1 = 


4,ti = 


0.20uJn, t 2 = 


1.74u.m 




4) N 1 = 


5,t 1 = 


0.1 6ajn, t 2 = 


1.31u.m 




5) N 1 = 


6,t 1 = 


0.13u/n, t 2 = 


1 .04u.m 


20 


6) N,- 


7,t 1 = 


0.11pm, t 2 = 


0.87pjn 




7) N 1 = 


8,t 1=5 


0.1 O^im, t 2 = 


0.75u.m 




8) N 1 = 


9,t 1 = 


0.09^m, t 2 = 


0.65u.m 




9) N 1 = 


1 0, t 1 : 


= 0.08nm, tg 


= 0.58^m 




10) N 1 




= 0.07u.m, t 2 = 0.52um. 
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[0192] The fabricating process of the waveguide was the same as that of the ninth embodiment. 
[0193] :■■ The variations in the wavelength shift of the TM mode with respect to the TE mode between the individual 
output ports were 0.005 nm when N., was two, and the value (BJ was greater than the predetermined value by an 
amount of 2.5 x 1 0" 4 . This is because the waveform distortion is greater in the present embodiment than in the distri- 
30 bution of the electromagnetic field of the conventional structure. The variations between the ports were 0.003 nm when 
the total number of the layers was five or more, which indicated that the value |B S | was set within 1 .5 x 1 0" 4 from the 
predetermined |B S | . Accordingly, it is preferable that the total number of the layers be set at five or more. 

[EMBODIMENT 15] 

35 

[0194] The 15th embodiment in accordance with the present invention relates to an optical waveguide circuit com- 
posed of three types of optical waveguides with different widths: the single-mode waveguide, multi-mode waveguide, 
and slab waveguide, all of which employs the multilayer structure, the geometrical birefringence of which increases in 
the order of the single-mode waveguide, multi-mode waveguide, and slab waveguide. The optical waveguide circuit 
40 iscomposedof the arrayed waveguide grating 111 as shown in Fig. 1B, and the Mach-Zehnder interferometer 101 as 
shown in Fig. 1 A. As for the optical coupler, the present embodiment utilizes the MMI 1901 as shown in Fig. 19 instead 
of the directional couplers 1 02. 

[0195] Fig. 1 A is a diagram showing the Mach-Zehnder interferometer 101. It is composed of MM Is 1901 in place of 
the directional couplers 1 02, the optical couplers; the optical waveguides 1 03 interconnecting the two MMIs; the input 

45 waveguide 1 04 connected to one of the MMIs; and the output waveguide 1 05 connected to the other MMI. Fig. 1 9 Is 
a diagram showing a configuration of the MMI 1901. It Is composed of the multi-mode waveguide 1902, the input 
waveguides 1 903 connected to its one end, and the output waveguides 1 904 connected to its the other end. 
[0196] The average relative refractive index difference A ave of the core was set 0.75%, the height of the core 6u.m, 
the core width of the single-mode waveguide 6nm, the core width of the multi-mode waveguide 24u.m, and the width 

50 of the slab waveguide 2 mm. The relative refractive index differences A,, layer thicknesses tj, the numbers of layers Nj 
of the individual layers of the multilayer structure were set at the following values by equations (1)-(3) so that the 
magnitude |B S | of the birefringence due to the multilayer structure became 2.3 x 1 0' 4 in the single-mode waveguide, 
5 x 1 0^ 4 in the multi-mode waveguide, and 1.1 x 10" 3 in the slab waveguide. The correction coefficients were set at 
c 1 = 0.8 and c 2 = 0 in the single-mode waveguide, c 1 = 0.97 and c 2 = 0 in the multi-mode waveguide and c 1 = 1 and 

55 c 2 = 0 in the slab waveguide. 

single-mode waveguide: 

first core A 1 = 2%, t 1 = 0.45u,m, N 1 = 5 
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second core ^ = 0%, t 2 = 0.94(im. N 2 = 4 

multi-mode waveguide: 

first core A 1 = 3.1%, t, = 0.28um, N, = 5 
second core A 2 = 0%, t 2 = 1 .15nm, N 2 = 4 

slab waveguide: 

first core A 1 = 5.5%, t, = 0.1 6um, hi, = 5 
second core Ag = 0%, t 2 = 1 .31nm, N 2 = 4 

[0197] The optical waveguide circuit was fabricated in the same process as the 12th embodiment, and the cores 
were formed for the slab waveguides, multi-mode waveguides, and single-mode waveguides in this order. 
[0198] As for the characteristics of the Mach-Zehnder interferometer of the optical waveguide circuit fabricated the 
wavelength shift was reduced to 0.01 nm from the conventional value of 0.25 nm, and the loss difference between the 
peak wavelengths of the TE mode and TM mode was reduced to 0.03 dB from the conventional value of 0 2 dB As 
for the characteristics of the arrayed waveguide grating, the wavelength shift amount of the TM mode with respect to 
the TE mode at the individual output ports was reduced from the conventional value of within ±0 13 nm (variations 
between the output ports were 0.02 nm) to within ±0.01 nm (the variations between the output ports were 0 002 nm) 
Thus, it was confirmed that applying appropriate multilayer structures to the optical waveguide circuit composed of the 
single-mode waveguides, multi-mode waveguides and slab waveguides could reduce the polarization dependence. 

[EMBODIMENT 16] 

[0199] The 1 6th embodiment in accordance with the present invention has a multilayer core structure composed of 
three types of layers with different relative refractive index differences that are stacked almost alternately. 
[0200] Fig. 24 is a cross-sectional view showing a slab waveguide of the present embodiment in accordance with 
the present invention. It employs a silicon substrate as a substrate 2401, and a cladding 2402 and a core 2403 are 
composed of silica-based glass. The core 2403 is composed of first core layers 2403a, second core layers 2403b and 
third core layers 2403c, which are stacked from the substrale side in the order of the first core layers 2403a second 
core layers 2403b, third core layer 2403c, second core layers 2403b with half the film thickness, first core layers 2403a 
second core layers 2403b with half the film thickness, third core layer 2403c, second core layers 2403b and first core 
layers 2403a. Thus, the individual layers are stacked symmetrically with respect to the center layer of the core 
[0201] The average relative refractive index difference A ave of the core was set 0.75%, the core thickness was set 
6um, the relative refractive index difference A, of the first core layers 2403a was set 6%, the relative refractive index 
difference A 2 of the second core layers 2403b was set 5%, and the relative refractive index difference A 2 of the third 
core layers 2403c was set 0%. Then, the thicknesses of the individual layers that would place the geometrical birefrin- 
gence |B S | due to the multilayer structure at 1 .1 x 1 0-3 were determined as follows by equations (1 )-(3) in which the 
correction coefficients were set at c, = 1 and c 2 = 0 that were obtained in the embodiment 13. Thus, the arrayed 
waveguide grating as shown in Fig. 1B was fabricated. The fabricating process was the same as that of the ninth 
embodiment. 

first core layers 2403a, A, = 6%, t t = 0.12um N, = 3 

second core layers 2403b, A 2 = 5%, t 2 = 0.1 4|im, N 2 = 4 

(the film thickness of the second core layers 

2403b with half the film thickness is 0.07fim, 

and N 2 = 4 includes the two layers with half the film thickness) 

third core layer 2403b, A 3 = 0%, t 3 = 2.61 nm, N 3 = 2 
[0202] The wavelength shift amount of the TM mode with respect to the TE mode at the individual output ports of 
the arrayed waveguide grating fabricated was within ±0.01 nm (the variations between the output ports were 0 003 
nm). It was confirmed that the structure composed of the three types of layers with different relative refractive index 
differences stacked alternately could implement the optical waveguide circuit, the polarization dependence of which 
was eliminated. 

[0203] The advantage of constructing the multilayer structure by alternately stacking the three types of layers with 
different relative refractive index differences is that it can increase the flexibility of selecting the film thicknesses and 
relative refractive index differences than in the multilayer structure formed by stacking two types of layers with different 
relative refractive index differences. The average relative refractive index difference of the core and the geometrical 
birefnngence |B S | due to the multilayer structure are mainly determined by the relative refractive index differences and 
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thicknesses of the layers constituting the multilayer structure. Parameters that define the multilayer structure composed 
of two types of alternate layers are two relative refractive index differences and two film thicknesses. When one of the 
four parameters is determined, the otherthree parameters are determined automatically because the average relative 
refractive index difference and the geometrical birefringence |B S | have been determined. On the other hand, there are 

5 six types of parameters that define the multilayer structure that is composed of three types of alternate layers. Thus, 
fixing three of them determines the other three parameters because the average relative refractive index difference 
and |B S | have been determined. Therefore, as for the two types of alternate layers, for example, since the relative 
refractive index difference of the second core layers is set 0% as in the ninth to 1 5th embodiments, the relative refractive 
index difference of the first core layers, the thickness of the first core layers and that of the second core layers are 

10 determined automatically. In contrast, as for the three types of alternate layers, fixing the relative refractive index dif- 
ferences of the individual layers will automatically determine the thicknesses of the individual layers. Accordingly, the 
relative refractive index differences are selectable appropriately. When there is a parameter, the fabrication accuracy 
of which is difficult to achieve as in the case where only three relative refractive index differences specified are allowed, 
appropriate geometrical birefringence can be implemented only if the film thicknesses are formed at high accuracy, 

15 thereby offering an advantage of being able to reduce the birefringence. Another advantage of the multilayer structure 
composed of three types of alternate layers is that it can bring about photorefractive effect efficiently in the silica-based 
optical waveguide. The silica-based glass heavily doped with Ge0 2 can achieve high photorefractive index. Thus, in 
the multilayer structure composed of three types of alternate layers, it is enough to form layers heavily doped with 
Ge0 2 , that is, layers with high relative refractive index difference, and to adjust the geometrical birefringence value by 

20 the film thicknesses. 

[0204] It is possible for the present invention to adjust the average relative refractive index difference, dimension, 
and the birefringence value due to the multilayer structure of the core by the relative refractive index differences, 
thicknesses and the numbers of layers of the individual layers of the core. Thus, the present invention is not limited to 
the average relative refractive index difference, dimension, and the birefringence value due to the multilayer structure 
25 of the core, or to the refractive indices, thicknesses, and the numbers of layers of the individual layers of the core of 
the foregoing embodiments. 

[0205] The single-mode waveguide used for the waveguide array or the like in accordance with the present invention 
includes a pseudo-single-mode waveguide that consists of a waveguide with two modes or so, and functions almost 
like a single-mode waveguide in a circuit. 

30 [0206] Although the foregoing embodiments employ the arrayed waveguide grating as an optical waveguide circuit 
using the slab waveguides, this is not essential. They are also applicable to a star coupler or the like. 
[0207]. In addition, although the foregoing embodiments set the geometrical birefringence value due to the multilayer 
structure at a value nearly equal to the waveguide birefringence value occurring in the conventional core structure, the 
birefringence of the optical waveguide can be reduced from that of the conventional device as long as the geometrical 

35 birefringence value is less than twice the waveguide birefringence value occurring in the conventional core structure, 
thereby reducing the polarization dependence of the optical circuit. 

[0208] Furthermore, although the cores are formed by the flame hydrolysis deposition in the foregoing embodiments, 
other fabrication methods that can form the multilayer structure composed of silica glass are also applicable. For ex- 
ample, they can be formed by the sputtering method, plasma CVD or ECR-CVD (Electron Cyclotron Resonance-Chem- 

40 ical Vapor Deposition), resulting in the reduction or elimination of the waveguide birefringence. In addition, although 
Ge0 2 is used to adjust the refractive indices, other dopants such as Ti0 2 are applicable as long as they can set the 
refractive indices at desired values. Besides, although they employ silica-based glass as a material of the waveguides, 
other materials such as glass family materials and polymer materials are also applicable as long as they can form 
multilayer structure composed of layers with different refractive indices. 

45 [0209] In addition, the number of layers of the present embodiment described above can reduce the connection loss 
between the single-mode waveguide and the optical fiber by an amount of 0.1 - 0.3 dB, and the smaller number of 
layers can achieve a smaller value. The excess losses of the optical circuits fabricated are of the order of the conven- 
tional values. Accordingly, selecting the number of layers appropriately makes it possible to bring the spot size of light 
traveling the input/output waveguides to that of the optical fiber without impairing the circuit characteristics, thereby 

50 reducing the connection loss with the optical fiber. 

[0210] In addition, although the foregoing embodiments are applied to the multilayer structure composed of a few 
types of layers with different refractive indices stacked alternately, this is not essential. For example, they are also 
applicable to the graded-index structure, the refractive index of which increases from the cladding side layers to the 
center of the core. When stacking the core layers with different refractive indices alternately, the light perceives the 

55 average value of the birefringence distribution due to the stress, and its magnitude is about the same as the waveguide 
birefringence of the conventional optical waveguides structure. In contrast, as for the graded-index structure, since the 
electric field distribution is enhanced around the center of the core, the correction coefficient c 1 of the foregoing em- 
bodiments cannot be used without change, when remarkable stress distribution is present in the core. Accordingly, it 
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is necessary to fabricate several types of appropriate structures to estimate the correction coefficients c 1 and c 2 suitable 
for them. 

[0211] Next, an embodiment will be described applicable to a single-mode waveguide, multi-mode waveguide and 
slab waveguide with a configuration other than the foregoing configuration. Here, an embodiment applied to the single- 
mode waveguide will be described. The embodiment 17, however, is not limited to the configuration described here, 
but the various explanations described above are applicable, as well. 

[EMBODIMENT 17] 

[0212] In addition to the foregoing embodiments, the 1 7th embodiment in accordance with the present invention has 
a multilayer structure that implements the graded-index effectively by increasing the thicknesses of high refractive 
index layers from the layers at both ends of the cladding to the central layer of the core. Fig. 25 shows a cross section 
of a single-mode waveguide of the present embodiment. A substrate 2501 consists of a silicon substrate, and cladding 
2502 and a core 2503 are composed of silica-based glass. The core 2503 has a multilayer structure that is composed 
of first core layers 2503a and second core layers 2503b stacked alternately, and has nine layers in total. The thicknesses 
of the first core layers 2503a are gradually increased from both ends of the cladding to the central layer of the core. 
[021 3] The arrayed waveguide grating as shown in Fig. 1 B was fabricated in a structure with the following setting so 
that the average relative refractive index difference A ave became 0.75%. The slab waveguides 112 of the arrayed 
waveguide grating were formed in the same layer structure as that of the single-mode waveguide. 
[0214] As for the multilayer structure core 2503 with the average relative refractive index difference A ave of 0.75%, 
the core dimension was set 6u.m x 6jim, and the individual layers were set as follows: 

first core layers 1803a, A t = 1.75%, t 1 = 0.28p.m, 0.55nm, 0.82fxm, 0.55u.m and 0.28u.rn (from top layer to bottom 
layer) 

second core layers 1803b, A 2 = 0.0%, t 2 = 0.88p.m. 

[0215] The fabricating process was the same as that of the first embodiment. The cladding was composed of silica- 
based glass with the magnitude |B 0 | of the waveguide birefringence in the conventional core structure being 2.3 x 
1 0* 4 as in the first embodiment. 

[0216] It was confirmed from the transmission spectra of the arrayed waveguide grating fabricated that the wave- 
length shift was 0.02 nm at the average relative refractive index difference A ave of 075%, that the birefringence |B e | 
could be reduced to 2 x 1 0* 5 , and that the waveguide birefringence could be reduced even in the layer structure with 
the effective graded-index, thereby being able to reduce the polarization dependence of the optical waveguide circuit. 
[0217] The magnitude |B S | of the geometrical birefringence due to the multilayer structure estimated by the mode 
solver was 1 .9 x 10" 4 , which was smaller than the value |B 0 | = 2.3 x 1 0" 4 obtained in the conventional structure. This 
is probably because the effective graded-index structure, which enhances the electric field distribution in the first core 
layers around the center, and brings about stress distribution in the core, reduces the birefringence near the core center 
as in the embodiment 7. 

[0218] The birefringence is 2 x 1 0" 5 which occurs in addition to the magnitude |B S | of the geometrical birefringence 
that is estimated by the mode solver from the magnitude |B 0 | of the waveguide birefringence in the conventional core 
structure, the magnitude |B S | of the geometrical birefringence obtained by the mode solver, and the birefringence |B e | 
estimated from the transmission spectra of the arrayed waveguide grating fabricated. To adjust it in the neighborhood 
of the foregoing setting for further improvement, the correction coefficients a, and c 2 of equations (1 )-(3) can be set at 
a, = 0.86 and c 2 = 2 x 10 -5 . 

[021 9] The present invention has been described in detail with respect to preferred embodiments, and it will now be 
apparent from the foregoing to those skilled in the art that changes and modifications may be made without departing 
from the invention in its broader aspect, and it is the intention, therefore, in the apparent claims to cover all such 
changes and modifications as fall within the true spirit of the invention. 

[0220] An optical waveguide circuit is provided that can reduce or eliminate polarization dependence by reducing or 
eliminating birefringence. A substrate (701) consists of a silicon substrate, and a cladding (702) and a core (703) are 
composed of silica-based glass. The core (703) has a multilayer structure composed of a few types of layers with 
different refractive indices such as first core layers (703a) and second core layers (703b) stacked in the direction parallel 
to the substrate (701 ). As for the birefringence of the waveguide, the geometrical birefringence caused by the multilayer 
structure is canceled out by the other birefringence, thereby being able to reduce or eliminate the birefringence of the 
waveguide. 
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Claims 

1. An optical waveguide circuit including optical waveguides each of which has a cladding and a core formed on a 
substrate, wherein 

s said optical waveguide circuit comprises at least one of a single-mode waveguide, a multi-mode waveguide 

and a slab waveguide, wherein 

at least one of said single-mode waveguide, said multi-mode waveguide and said slab waveguide includes 
at least in its part a multilayer structure that is composed of multiple types of layers with different refractive indices, 
and has at least three layers in total, wherein 

10 said multilayer structure has first birefringence and second birefringence, the first birefringence deriving from 

a fact that an effective refractive index of the entire core, which results from contributions of the layers to the 
refractive index, has different values in directions parallel to and perpendicular to the layers, and the second bire- 
fringence deriving from a structure of said waveguide, and wherein 

when defining a value of the birefringence of said waveguide as a value obtained by subtracting an effective 

15 refractive index in the direction parallel to the substrate from an effective refractive index in the direction perpen- 

dicular to the substrate, the value of the first birefringence and the value of the second birefringence have opposite 
signs. 

2. The optical waveguide circuit as claimed in claim 1 , characterized in that the second birefringence has a positive 
20 value, and said multilayer structure is composed of layers parallel to said substrate. 

3. The optical waveguide circuit as claimed in claim 1 , characterized in that the second birefringence has a negative 
value, and said multilayer structure is composed of layers parallel to a light traveling direction and perpendicular 
to said substrate. 

25 

4. The optical waveguide circuit as claimed in claim 1 , characterized in that an absolute value of geometrical bire- 
fringence caused by said multilayer structure is less than twice an absolute value of a remaining birefringence value. 

5. The optical waveguide circuit as claimed in claim 1 , characterized in that values B SM , B MM and B SL differ from 
30 each other, where B SM , B MM and B SL are geometrical birefringence values caused by said multilayer structure of 

said single-mode waveguide, that of said multi-mode waveguide and that of said slab waveguide. 

6. The optical waveguide circuit as claimed in claim 5, characterized in that the values B SM , B MM and B SL satisfy a 
relationship of |B SM | < |B MM | < jBgJ. 

35 , : , 

7. The optical waveguide circuit as claimed in claim 1 , characterized in that refractive indices and thicknesses of 
the layers constituting said multilayer structure are substantially symmetrical with respect to a central layer. 

8. The optical waveguide circuit as claimed in claim 1 , characterized in that said multilayer structure is composed 
40 of two types of layers that have different refractive indices, and are stacked nearly alternately. 

9. The optical waveguide circuit as claimed in claim 1 , characterized in that as for the layers constituting said mul- 
tilayer structure, thicknesses of at least layers with highest refractive index are increased from two end layers 
adjacent to the cladding to a central layer; thicknesses of at least layers with lowest refractive index are decreased 

45 from the two end layers adjacent to the cladding to the central layer; or the thicknesses of at least the layers with 

the highest refractive index are increased from two end layers adjacent to the cladding to a central layer, and the 
thicknesses of at least the layers with the lowest refractive index are decreased from the two end layers adjacent 
to the cladding to the central layer. 

so 10. The optical waveguide circuit as claimed in claim 1 , characterized in that refractive indices of layers constituting 
said multilayer structure increase from two end layers adjacent to the cladding toward inmost part of the core. 

11. The optical waveguide circuit as claimed in claim 1, characterized in that a total number of the layers of said 
multilayer structure is five to ten. 

55 

1 2. The optical waveguide circuit as claimed in claim 1 , characterized in that an average refractive index n ave of the 
core due to said multilayer structure is given by the following equations (2) and (3), and an absolute value of 
geometrical birefringence B s caused by said multilayer structure are given by the following equations (1) and (3): 
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(2) 




where N is the number of layers of said multilayer structure, n, and t| are refractive indices and thicknesses the 
individual layers, and Cj and c 2 are fixed values determined for each waveguide structure by actual measurement 
or calculation. 

13. The optical waveguide circuit as claimed in claim 2, characterized in that said substrate consists of one of a 
silicon substrate, and said waveguide is composed of silica-based glass. 

14. The optical waveguide circuit as claimed in claim 3, characterized in that said substrate consists of a silica sub- 
strate, and said waveguide is composed of silica-based glass. 

15. The optica! waveguide circuit as claimed in claim 1 , further characterized by comprising an optical interferometer 
including two optical couplers and a plurality of waveguides with different lengths interconnecting said two optical 
couplers, wherein 

as for a waveguide with a minimum waveguide length among said plurality of waveguides, when a length of 
the multilayer structure of its core is L, and 

as for the remaining waveguides of said plurality of waveguides, lengths of their multilayer structures equal 
to L plus differences between lengths of the remaining waveguides and the minimum waveguide length. 

16. The optical waveguide circuit as claimed in claim 1 , further characterized by comprising a Mach-Zehnder inter- 
ferometer including two optical couplers and two single-mode waveguides interconnecting said two optical cou- 
plers. 

17. The optical waveguide circuit as claimed in claim 1 , further characterized by comprising an arrayed waveguide 
grating including: 

two slab waveguides; 

a waveguide array consisting of a plurality of single-mode waveguides with different lengths interconnecting 
said slab waveguides; 

an input waveguide consisting of single-mode waveguides connected to one of said two slab waveguides; and 
an output waveguide consisting of single-mode waveguides connected to the other of said two slab 
waveguides. 

18. The optical waveguide circuit as claimed in claim 1 , further characterized by comprising a birefringence compen- 
sator. 



The optical waveguide circuit as claimed in claim 1 8, characterized in that said birefringence compensator utilizes 
a half waveplate. 
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